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ABSTRACT

PERFORMANCE-BASED APPROACH FOR EVALUATING THE FIRRESPONSE OF
PRESTRESSED CONCRETE BEAMS

By
Nickolas Robert Hatinger
In recent years precast/prestressed concrete (8R®)e T-beams have gained wide popularity
in numerous building applications. Since strudtfira safety is a high priority, building codes
generally specify fire resistance requirements. e Tdurrent approach for evaluating fire
resistance of structural members, including thdseRC double T-beams, through prescriptive-
based methods has numerous drawbacks. The gesgene limited in scope and restrictive in
application, since they were developed based onM\ET119 standard fire tests. Furthermore,
these guidelines are only valid for a narrow raofjbeams and do not fully account for realistic
fire, loading or restraint scenarios. To overcothese drawbacks, a performance-based
methodology is applied to evaluate the fire resistaof PPC beams under realistic fire, loading,
and restraint scenarios. SAFIR, a special-purfinge element program, was used to carry a set
of numerical analyses to study the effect of vasitactors governing the fire resistance of PPC
double T-beams. In the analysis, high temperanaterial properties, various load and restraint
levels, and material and geometric nonlinearityen@ccounted for. A realistic failure criterion
was also included to determine failure. Resutisifthe analysis indicate that fire scenario, load
level, and failure criterion have significant irdluce on the fire resistance of PPC double T-

beams. The steps involved in undertaking a pedone-based fire approach are outlined.
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Chapter 1

1. Introduction

1.1. General

In recent years precast/prestressed concrete (B&tG}ruction has gained wide popularity in
buildings, bridges, parking structures, and shoppienters. Precast concrete is a type of
construction, where concrete is cast offsite ire@sable mould and then cured in a controlled
environment until it is transported to the worksited erected. A common practice in the precast
industry is to prestress the concrete to overcomeeconcrete’s natural weakness to tensile
stresses. One method to prestress concrete iasting@ concrete around already tensioned high-
strength steel strands. Once the concrete haslpadured, the strands are released to induce a
net compressive force onto the concrete throughidn developed between the concrete and the
strands. This clamping or prestressing effect onps the capacity of concrete members and has

1



advantages over traditional reinforced concrete)(R&dr example, a PPC double T-beam can be
used in applications with longer spans than a eaginforced double T-beam with a similar
cross-section. Other key advantages that haveolatie prevalence of PPC construction in
today’s structural landscape are its desirable -spalepth ratios, aesthetics, high quality
manufacturing, constructability, low maintenance arelcteristics, aptitude for seismic
applications, acoustics, and fire resistance.

Similar to all types of construction, PPC structuneust satisfy minimal safety requirements set
forth in design codes, including structural firdesg provisions. The fundamental philosophy
behind the structural fire safety design of a kogdis to protect against death, injury, and
property loss during the event of a fire. The tmain strategies to provide fire safety are
categorized as either active or passive fire ptimiec Active protection systems include
sprinklers, smoke and heat detectors, and firenguishers. The primary goals of active
protection systems are to either automatically anuaally prevent the ignition or growth of a
fire. These systems are also intended to ensaesdfe escape of buildings occupants from
harmful temperatures or smoke inhalation. In astfrpassive fire protection systems refer to
the fire resistance measures incorporated into dimgls structural and nonstructural
components. By carefully selecting fire resistaohstruction materials and proper design of
building components, passive fire protection caavent the spread of fire and collapse of a
structure. This thesis focuses on the fire restgdpassive fire protection) of a PPC component,

more specifically the fire resistance of PPC doubleeams.



1.2. Fire Resistance of Prestressed Concrete

The primary approach to incorporate passive fimggmtion measures into a building is through
proper selection of fire resistant construction enats, such as concrete. One of the many
advantages concrete has over alternative constructiaterials, such as wood, steel or fiber
reinforced polymers, is its inherent fire resis&nd he fire resistance of concrete is a product of
its’ constituents, cement and aggregates. Botthe$e materials possess a low rate of heat
transfer and poor thermal conductivity. Upon cheatly combining the components, a high fire
resistant construction material (concrete) is poedithat is virtually inert, non-combustible, and
does not emit smoke, toxic fumes, or molten. Cetacs ability to resist fire is one reason for
PPC construction prevalence in residential, warsbpand industrial buildings, as well as,
parking structures, justice facilities, stadiumsj arenas.

To ensure fire safety of PPC facilities and theicupants it is crucial to understand how its
constituent materials, such as concrete and pssstiesteel, respond to elevated temperatures.
When concrete is exposed to prolonged fire expotheadydrated cement paste composing the
matrix binding the aggregates will eventually reévsack into its initial components, water and
cement. This chemical transformation leads tooav skeduction in the concrete’s strength and
stiffness. The rate of strength and stiffness Issdependent on the thermal resistance of a
concretes mix design. Variations in concrete misesh as aggregate type or content, density,
moisture content, permeability, porosity, cementposition, and w/c ratio can dramatically
affect the concrete’s thermal resistance. Theegfdo ensure fire safety, engineers must
understand how variations in concrete mix desigiecafthe fire resistance of prestressed

concrete.



Prestressing steel reinforcement is the other pyimaaterial used in PPC members. When
prestressing steel is exposed to fire, a redudtistrength and stiffness occurs at a much faster
rate and lower temperatures than concrete and otiomal steel bar reinforcement.
Furthermore, it is also more susceptible to permasgength loss and creep. The fire response
of prestressing steel is primarily a result of toéd working process utilized to manufacture the
reinforcement and due to the fact that smaller ssestions are required for the high strength
material. The smaller cross-section, in conjumctioth the high thermal conductivity of steel,
result in faster rise in temperatures of prestrgssieel when exposed to fire, hence a lower fire
resistance. However, when prestressing steeldased within concrete an additional insulation
barrier is provided which delays temperature nis¢he prestressing steel. By designing a PPC
member with adequate concrete cover, the condnetkeness between the exposed surface and

prestressing strand, a remarkably fire resistanttiral member is created.

1.3. Prestressed Concrete Beams under Fire

The fire response of PPC beams is dependent ohethavior of its constituent materials and
their interaction. When a PPC beam is exposed¢ocbnditions the temperatures of concrete
and prestressing steel increase due to degradattbermal properties. As the temperatures rise
the concrete expands in the longitudinal directlout, the prestressing steel strands expand at a
slower rate due to the reduction of temperaturesr tiee stems’ center. This gradient of
expansive forces induces a compressive force bpr&ressing strands causing the PPC beam
to camber under typical service loads. The PPGnbeall continue to camber until the
prestressing steel strands begin to lose theifneti§ and strength leading to excessive sagging

and ultimately failure. Initially, the sagging thle PPC beam is a direct result of the reduction in



strength and stiffness of its constituents’ meateanproperties, but just prior to failure high
temperature creep amplifies the sagging. Failemis once the capacity of the PPC beam has
reduced low enough to be overtaken by the demahtisecapplied loading. The duration of
time, starting from the ignition of the fire unfdilure is attained in the structural member, is
defined as the fire resistance of a PPC beam. régistance of PPC beams is influenced by a
number of factors such as fire scenario, load |ewad restraint.

Fire scenario influences the fire resistance of Ri&@ms. According to Magnusson and
Thelandersson (1970) the fire scenario for a typtcanpartment fire is dependent on its fuel
load and ventilation conditions. These paramedefme the fire scenarios duration and severity
for both the growth and decay phases of the fBpecial attention should be given to the decay
phase because it is in this stage of the fire ahBPC beam cools and can recover a substantial
portion of its lost strength and stiffness.

Load level is another factor which affects the fiesistance of PPC beams. A study undertaken
by Selvaggio and Carlson (1964) revealed that wheiner loads are applied to a PPC beam the
fire resistance of the member decreases, sincedbeeasing capacity falls below the demand
due to applied load at a shorter duration.

Restraint at the end supports also impacts thedsestance of PPC beams. For PPC beams fire
induced restraint is introduced when the longitatliexpansion is constrained by supports
leading to fire induced axial forces (Gustafferal d@arlson 1962). When the resultant axial
force is eccentric to the beams’ center of gravignce a thermal induced moment is created.
Generally, this moment (restraint) enhances the fiesistance by compensating for the

prestressing strands’ strength loss. Howevemaef resulting force is located in the deck of a



PPC beam (above the center of gravity of the sectieen the thermal induced moment can have

a negative effect and may lead to early failure.

1.4. Fire Resistance Design

Structural fire safety is one of the primary coesations in building applications and hence,
building codes generally specify fire resistancéngarequirements for structural elements.
These fire resistance ratings are generally derlvased on standard fire resistance tests or
through prescriptive-based approaches. As antriditisn, the prescriptive-based provisions in
ACI 216.1 (2007) estimates fire ratings based onimmim concrete cover thickness to the
reinforcement in PPC beams. These provisionsimrtetl in scope and restrictive in application
since they were developed in accordance with ASTMLSE (2008) standard fire tests.
Furthermore, the provisions are valid only for parrange of beams, and do not fully account
for realistic fire, loading or restraint scenarids. addition, simplified rules of thumb cannot be
applied to new types of designs (different sectionfigurations) and materials (high strength
concrete), which limits designers from taking fatlvantage of the high fire resistance attributes

offered by PPC construction.

1.5. Objectives

This thesis presents results from numerical studiesed at overcoming the current fire
resistance limitations for PPC double T-beams. eAggmance-based approach is applied in the
fire resistance analysis of PPC double T-beams.o @lauble T-beams were analyzed using a
finite element based computer program under diftefeée scenarios, loading and restraint.

High temperature material properties, various l@awl restraint levels, and material and



geometric nonlinearities were accounted for. Alis@a failure criterion was also included to

evaluate the fire response and determine failufree design fires were selected to provide a

wide spectrum of possible building applicationsesBts from the parametric studies were used

to study the thermal and structural response of @&Rdle T-beams under realistic fire exposure,

restraint, load intensity and failure conditiori® achieve this objective the following tasks were

performed to accomplish the intended objectives.

Conduct a detailed state-of-the-art literature eeviof experimental and analytical
studies, as well as provisions in current desigdesoon the fire resistance of PPC
flexural members.

lllustrate the differences between United StatesS)(lf America, Canadian, and
Eurocode fire design provisions for evaluating fiesistance of PPC double T-beams
through a case.

Validate the numerical model SAFIR using publistied test data on the response of
PPC double T-beams from Portland Cement Associaf{@8A) and Underwriter
Laboratories (UL) studies.

Undertake a parametric study to verify the influenaf critical factors on the fire
performance of PPC double T-beams.

Outline a performance-based approach to undertmkerdsistance analysis on PPC

double T-beams.

1.6. Layout

This thesis is divided into six main chapters, doléd by a series of appendices. Chapter 1

provides the background on the fire resistanceRZ Beams and objectives for this thesis. The



intent of Chapter 2 is to identify the critical fars affecting the fire resistance of PPC beams
through a state-of-the-art literature review highting the details and findings of fire tests and
numerical studies. In addition, an overview ofreat provisions provided in US, Canadian, and
Eurocode codes/standards is discussed. Chapteesénts the details regarding capabilities,
features, and analysis procedures of the finitereld based SAFIR computer program. A
sensitivity analysis investigating the level ofimeiment required to discretize the model is also
presented in this chapter. Also, the validationtted model is presented by comparing fire
resistance predictions with data from fire testd &nite-element analyses. Chapter 4 presents
details and results of the parametric study oreffect of critical factors on the fire resistande o
two PPC double T-beams. These results are us&thapter 5 to develop guidelines for a
performance-based approach for PPC beams. Theliggs outline the specific requirements
for the selection of the fire scenario, materiald@lo numerical model, and failure criteria. The

final chapter, Chapter 6, presents conclusions tlmrstudy recommendations for future work.



Chapter 2

2. Literature Review

2.1. General

Since the 1950’s a number of experimental and &nalystudies have been carried out to study
the response of precast/prestressed concrete (PRENbers under fire conditions. Typically,
these studies were based on standard fire expasdréocused strictly on the behavior of single
elements such as beams, slabs, etc., and negkatyestructural interactions such as beam-slab
assemblies and framed structures. Through thesiest many of the key factors affecting fire
resistance of PPC members have been identifiednyMd these findings are the basis of
prescriptive fire provisions offered in design ced@ad standards. A brief overview of a state-of-
the-art literature review of experimental and atiedy studies is presented to investigate the

behavior of PPC beams and its constituents undeefiposure. In addition, provisions in US,



Canadian, and Eurocode design fire codes/standardshigh temperature material properties
influencing the fire resistance of concrete, pessting steel, and reinforcing steel are reviewed.
The discussion provided for each material propéstyaccompanied with high temperature

material models used to predict the fire resistaid@PC beams.

2.2. Design for Fire Resistance

The fire resistance of a structural member is @efias the time to reach failure under a given
fire exposure. In the US, failure of a roof/flobeam correlates to the time when the beam,
which is subjected to an ASTM E119 fire exposuees bither exceeded a predefined unexposed
slab or critical strand temperature, or when tmengfth limit state is reached. For a structural
element to be deemed acceptable in a building e, the fire resistance time must be equal
to or exceed the required fire rating. The firenguis the minimal time required by building fire
codes and is dependent on the type of structueaheht, the occupancy of the building and the
building characteristics. The most common methmedgtablish fire resistance of a concrete
beam is through tabulated data based on cros®sakttrea, aggregate type, and concrete cover.
These fire ratings are derived from standard fets The problem with this approach is that
these tabulated fire ratings are based on starfatartests for a few select beams and cannot be
extended to other types of beam cross-sectiong. fdllowing literature review highlights many
of the fire tests carried out to establish the enirffire resistance requirements and is intended to

reveal the limitations of their application.
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State-of-the-art

2.2.1. Fire Resistance Tests

Numerous fire resistance tests have been perforome®PC beams primarily to derive fire
resistance ratings. The majority of these teste lieen based on scaled specimens subjected to
standard fire exposure. Some of the notable exygerial studies are discussed below:

Woods (1960) conducted one of the first fire testsa PPC beam at the Portland Cement
Association (PCA) Fire Research Center in USA. ul sized, 14.26 m (43 ft 6 in.), I-shaped
bridge girder, illustrated in Figure 2.1, was tdstea massive furnace to determine its structural
behavior and fire resistance rating under an ASTM3(2008) standard fire exposure. This
PPC beam achieved a high fire resistance of 4 hmBiland this was attributed to massive
concrete cross-sectional area capable of absosnibgtantial amounts of heat. Further, Woods
concluded that concrete cover thickness to stemhd$ has significant impact on fire resistance
of PPC beams.

Results of 47 standard fire tests on precast PPty components (beams and slabs),
conducted by several organizations were compile@bstaferro and Carlson (1962). These fire
tests were conducted by National Bureau of Stamgddtderwriters Laboratories, PCA, and
Fire Prevention Research Institute to assess fttieatfactors affecting fire performance. An
assortment of span lengths, insulation thicknessggregate types and member cross-section
shapes, such as I-shaped, double-tee, and sirgleetans, as well as flat hollow-core, solid, and
stemmed floor assemblies, were tested in accordaite ASTM E119 (2008) standard test
provisions. Using the data from 43 beam and 4 ftaliests, a prescriptive-based table of fire
ratings for 1, 2, 3, and 4 hours are shown in T&lewas developed for beams and slabs in

terms of concrete cover and cross-sectional aBssed on the analysis of test data the authors
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concluded that restraint effect, which develop wmigifire exposure, improves the fire resistance
of PPC elements, but this effect is difficult tacaant for in fire resistance calculations due to
complexities associated with this concept. Thisigehensive test data resulted in establishing
critical factors that govern fire resistance of Ri€ments. Accordingly:

» Lightweight aggregate concrete has better therneslistance than normal weight
aggregate concrete.

» Type of aggregate (siliceous or carbonate) hasmahieffect on fire performance of
structural members.

* Higher moisture content (exceeding 70 percent lEtive humidity) in PPC members
leads to fire induced spalling.

» Addition of insulation layers increases fire remiste of PPC components.

» Failure of unrestrained PPC members generally scatien strand temperatures exceed
critical limiting temperature, while in the case @ strained members failure occurs
through heat transmission criteria.

Selvaggio and Carlson (1963) undertook fire testssx PPC double T-beams exposed to
standard fire conditions to study the effect oé finduced restraint. The cross-section used for
all six T-beams is shown in Figure 2.2. All theabes were of 5.45 m (17 ft 10% in.) span and
loaded with 7.8 kPa (163 psf) of live load compubeded orJ=1.8(D+L) (whereU = ultimate
load at ambient temperaturd,= dead load andl = live load). Different degrees of restraint
were incorporated through limiting axial deformatiexpansion) from resulting fire exposure.
The series of tests provided an insight into tHieot$ of degree of restraint. The tests confirmed
that moisture content plays an important role itedwrining the fire performance of T-beams.

More specifically, over drying during fabricatioaduces fire resistance times, while excessive
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moisture leads to fire induced spalling in stemarrsipports. Also the test data revealed that
strand temperatures and midspan deflections dogaweérn the fire resistance of restrained
members, if adequate restraint is provided. Howeitas unlikely that the thermal restraint
developed to resist the thermal expansion is grehten most buildings can provide. Thus,
restraint improves the fire resistance of PPC Trimedhrough plastic flow (compressive
deformations without an increase in stress) amdifiduced thermal moments.

Selvaggio and Carlson (1964) performed fire teststady the influence of aggregate type and
load intensity on the fire resistance of restrairmeal simply supported PPC I-beams under
standard fire exposure. All tested beams had a g§be6.10 m (20 ft) and three different
aggregates, normal weight (dolomite and silicears] lightweight (expanded shale’s) were
investigated. The beams were loaded with a liegl lof 35.8, 28.5, and 21.2 kN/m (2455, 1950,
and 1450 Ib/ft), with the larger two loads compubeded or=1.2D+2.4L and U=1.8(D+L),
respectively. The lower load was arbitrarily setelc The test results revealed that aggregate
type has a significant influence on the midsparned&bn, thermal thrust, and heat transmission
characteristics in PPC beams. It was found tighitweight aggregate concrete provides better
fire resistance than normal weight aggregate comcrélhe authors concluded that the load
intensity has significant effect on the fire resigte, with higher loads leading to lower fire
resistance. The shape and size of the compregsioa has a significant impact on the fire
performance of simply supported PPC T-beams. B&estl beams exhibited 22% better fire
performance than unrestrained beams.

Abrams et al. (1971) conducted fire tests on miatgoncrete joist floor and roof assemblies to
compare the results of unexposed surface tempesaith five RC double T-beams. Figure 2.3

illustrates the cross-section of the joist assessbtested, while Figure 2.4 show the cross-
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sections of the T-beams used in the comparisospah of 5.49 m (18 ft) was used for floor joist
fire tests, while the T-beams had spans of 5.411#Mf( 9 in.) and 5.45 m (17 ft 10% in.),
respectively. Different aggregate and insulatiges were included, as well as various degrees
of longitudinal and lateral restraint. The specieavere subjected to ASTM E119 (2008)
standard fire exposure and were subjected to aitotee range of 3.9 to 5.3 kPa (82 to 110 psf).
The test data indicated that fire resistance disstiepends on unexposed surface temperatures,
rather than on structural (strength) consideratidasthermore, it was concluded that unexposed
surface temperatures can be determined strictudir testing slabs with no considerations for
assembly type. Intermediate degrees of restraiptaved fire resistance of concrete floor/roof
assemblies. A series of thermal interaction diagemvelopes were developed from the test
results and proved to be an excellent measurewftatal integrity of PPC beams.

Abrams and Gustaferro (1972) conducted tests onR&LC double T-beams coated with spray-
applied insulation, by exposing them to ASTM E1P9(08) standard fire to assess the fire
resistance. Figure 2.5 illustrates the cross-@estand dimensions of each test specimen. All of
the specimens had spans of 6.10 m (20 ft) and i@aded with a live load ranging from 4.1 to
4.8 kPa (85 to 100 psf). Two types of cross-sestivere considered in the test program and
vermiculite acoustical plastic, as well as mindiaér insulation was applied independently to
the beams. Results from the fire tests indicabted both types of insulation are effective and
maintained adhesion during fire exposure. Theegfepray-applied insulation is a feasible
alternative to improving the fire resistance of PB&€ms. Overall, vermiculite insulation
provides slightly better fire resistance than mahdéber insulation. These findings were used to
develop a prescriptive-based tabulated approacB fond 3 hour ratings, based on stem width,

concrete cover, insulation type and thickness & BBams.
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Lin et al. (1981) performed a series of fire temtsRC beams of rectangular cross-section and
PPC double T-beams to study the effect of shearmoghent redistribution of continuously
supported flexural members. Both simply and camtiusly supported beams were tested under
ASTM E119 (2008) standard fire exposure. The esasdions of the RC beams are illustrated
in Figure 2.6 and the reinforcement schemes (tofipim, and stirrup reinforcements) for each
cross-section are tabulated in Table 2.3. Theildefar the T-beam at the midspan and the
supports are shown in Figure 2.7, respectivelyl oAthe beams were loaded with a series of
37.8 kN (8.5 kip) point loads to represent a umifiyr distributed load. Based on the test results,
the authors concluded that the fire resistanceimply supported concrete beams can be
estimated by accounting for reduced strength ielsd@d concrete. However, to accurately
determine the fire performance of continuous mesybexdistribution of moments has to be
considered. The fire test data on indeterminateriserevealed that the additional intermediate
supports restrain rotation and thus cause an iserganegative moments, hence a reduction in
positive moments.  This redistribution of momentshances the fire performance of
continuously supported beams as compared to thangiy supported beams.

Franssen and Bruls (1997) tested two PPC doubleafab to develop a proprietary fire rating
for a precast manufacturer. Both specimens weakedd¢o a total length of approximately 7.0 m
(23 ft) and subjected to ISO 834 (1975) standam dixposure. Two point loads of 233.8 kN
(52.6 kips) were applied to the T-beams, with eigtacht spacing between the loads and
supports. In order to assure that 2 hour firengattiould be achieved, an initial design of the
double T-beam, shown in Figure 2.8(a), was testBdring the fire test, this double T-beam
developed vertical cracking resulting in loss ohthand failed in 79 minutes. An improved

section of the double T-beam, shown in Figure 2.8{as designed and tested. The
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improvements included modifying the strand pattemo two columns, hooped shear
reinforcement, and reduced aggregate size to magibond strength. The modified beam when
tested achieved a 2 hour fire rating. The testguiahat a single column of vertically aligned
prestressing strands are susceptible to hairliaekerthat promote bond failure. Furthermore,
this study proved that bond failure can be minimizégth appropriate detailing of prestressing
strands, shear reinforcement, and concrete mixgaesi

Anderson and Lauridsen (1999) conducted fire testsvestigate the effect of fire induced
spalling on fire resistance of three PPC doubleedrhs made with high strength concrete
(HSC). Figure 2.9 shows the generalized crosseseased for all three T-beams and the three
different strand arrangements. The simply suppdseams had a span of approximately 6.12 m
(20 ft 1 in.) and were exposed to ISO 834 (197anaard fire exposure. Four point loads
ranging from 364 to 374.8 kN (81.8 to 84.3 kipsyavepplied on the T-beams. Based on the
test results the authors concluded that HSC iseptonexplosive spalling within the first 20
minutes of fire exposure, especially at the junctod the stem and bottom surface of the slab.
Another observation was that scaled specimens are prone to bond failure because of the
dramatic increase in the shear envelope.

The experimental studies presented above have ptovee invaluable in identifying key factors
governing fire resistance of PPC beams and alsammnfailure modes under fire conditions.
These tests indicate that the primary factors #affgcfire performance of PPC beams are
moisture content, aggregate type, concrete densgstraint, insulation, continuity, and load
intensity. The typical failure in simply supportbdam is dictated by its strand temperatures,
while in continuous beams the failure is governgduhexposed slab temperatures. Many of

these studies have been utilized to establish @tapy fire ratings, as well as prescriptive design
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provisions. The design provisions are typicallydzh on concrete cover thickness, aggregate
type, and either cross-sectional area or beam widltie fire ratings are prescriptive since these
ratings were derived based on standard fire camditi without full consideration for load,
restraint or design fire scenario. Although, s@talies did incorporate restraint, much work is

still required to quantify its influence in praalcscenarios.

2.2.2. Analytical Studies

The review of literature indicates that there miled number of analytical studies relating to the
fire performance of PPC beams. The reported dnalystudies range from applying simple
empirical methods to advanced calculation appraadbe evaluating fire resistance of PPC
beams. This section provides an overview of tradytical studies:

Boon and Monnier (1976) developed an analyticataggh for evaluating fire resistance of PPC
beams based on shear and flexural failure criterioims approach, developed utilizing available
data from fire tests on PPC beams, is applicab&nply supported beams exposed to standard
fire scenarios and subjected to service loads.d&uwmentally, the approach is similar to generic
gravity load design with the exception that ambiesitength properties of concrete,
reinforcement, and prestressing steel are redur@ddount for the degradation of strength and
stiffness associated with elevated temperaturee réduced material properties in prestressing
steel at a given time is based on the temperatueaah strand relative to its location from the
surface. For shear reinforcement, strength is cbetbbased on actual fire temperatures. To
estimate such temperatures in the prestressin stee-temperature profiles based on concrete
cover thickness is provided. Similarly, plots aleo supplemented to estimate the reduced

material properties for a given temperature. Tuiced material properties are used to evaluate
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the reduction in the beams’ shear and flexural cigpat a given fire exposure time. At any
given time, if applied loads (moments) exceed tleeniver’s capacity, failure is said to occur due
to loss of prestressing strength, horizontal cragkif the stem and bond degradation.

Franssen and Bruls (1997) performed finite-elememalysis on a PPC double T-beam to
evaluate its fire response. SAFIR (2004), a spexigpose computer program, was utilized to
evaluate fire resistance based on flexural conaiagrs only. To verify the results of the
analysis, a beam was tested under ISO 834 (19@bjlatd fire conditions. Contrary to author’s
assumption that flexural strength would govern, bleam failed in the fire test due to shear
considerations. Since SAFIR cannot handle sheasiderations, Eurocode 2 (2004) provisions
were applied to determine ultimate shear capadithe@beam. The analysis indicated that shear
failure occurred in the beam at about 80 minutdsichv coincided well with the Eurocode
predictions of 79 minutes. Results from this asiglyvere utilized to redesign the beam section
to enhance its shear resistance at both ambientir@nconditions. The analysis of the revised
section indicated that the fire resistance improted35 and 130 minutes based on shear and
flexural considerations, respectively. This upgddbeam when tested in the laboratory yielded
a fire resistance time of 144 minutes. This stabarly illustrated the usefulness of detailed
finite-element analysis to improve the member'sgrefor enhancing fire resistance.

Fellinger et al. (2001) attempted to develop arstelplastic bond slip model for 7-wire
prestressed strands embedded in concrete at anadvidn¢élevated temperatures. The analysis
was carried out using a 2D finite-element compptegram, named DIANA. The cross-section,
discretized into concrete, prestressing strand, lmorl interface components, was represented
with plane stress triangular, truss, and planesstopiadrilateral elements, respectively. The

model captured changes in bond stress due toPstigpn’s effect, concrete confinement, pitch,
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splitting of concrete, and differential thermal arpions of steel and concrete. The mechanical
properties of the constituent materials were iroetance with Eurocode 2 (2004) relationships
and due consideration was given to thermal eloagatransient creep, plasticity, and fracture
energy. The model was validated by comparing &selts with test data on hollow-core slabs.
The ambient temperature results indicated thatéwelopment of prestress, effect of shrinkage
and creep, and change of steel stress after demeldpof flexural cracks can be predicted
reasonably well. However, under elevated tempegafuhe model proved to be inconsistent due
to lack of temperature dependent input paramekegh temperature material properties such as
bond). Nonetheless, this study identified that tine key parameters, friction coefficient and
bond strength, have significant influence on fieefprmance of prestressing strands.

The above analytical studies indicate that bothphstic and advanced finite-element methods
can be applied in evaluating fire resistance of Pe@&ms. It should be noted that the models
used for analytical studies were validated only amngtandard fire conditions, without due

consideration to realistic load, restraint, and §cenarios.

2.2.3. Provisions in Codes/Standards

In USA fire design provisions for concrete and nmagoelements are specified in ACI 216
(1997), PCI Design Handbook (2004), ASCE/SEI/SFBRB2 (2007) and International Building
Code (2006). These codes and design standardstiofée different alternatives to assess fire
ratings of PPC double T-beams exposed to threelstdadard fire exposure. The simplest and
quickest procedure consists of tabulated fire ggtinased on minimum concrete cover thickness
to prestressing strands. The specified concretercthickness is based on a combination of

aggregate type (carbonate, siliceous, lightweiggti-lightweight, or all), restraint (restrained or
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unrestrained), and beam width or area considesatidinese concrete cover thickness provisions
were derived from fire test data and assumes #ilaté occurs in the beam when temperature in
the strand reaches a limiting temperature of 4380D°F).

The PCI (2004) design standard offers an alteraatos the tabulated fire ratings approach
through the use of simplified calculations. Thp®@ach is similar to ambient temperature
calculations in that flexural resistance is evaddato determine if the beam can withstand the
load effects at a specified fire exposure time.e Téduced capacity at any given fire exposure
time is evaluated by taking into consideration fbes of strength in prestressing steel,
reinforcing steel, and concrete. The strength les®stimated using temperature-strength
relationships (graphs) derived from high temperatuaterial test data. The strand temperatures
are estimated from temperature profiles (graphsgmifor different beam dimensions and
aggregate type. If the computed capacity is leas the applied moment, failure is said to occur
and this fire exposure time is termed as “firesesice.” One advantage in using this approach,
as compared to tabulated ratings, is that it adsoion the effect of load intensity.

In addition to flexural strength considerations,| RZ004) design standard also require PPC
double T-beams to satisfy insulation (heat transioig criteria, since the member acts as a
floor/roof (barrier) assembly. Accordingly, faiuris said to occur when the unexposed
temperature on the slab exceeds 181°C (325°F)yabra@ point or an average of 139°C (250°F).
This limiting temperature ensures compartmentatiorctionality and corresponds to a critical
temperature required to ignite cotton waste. Himlated fire ratings for the heat transmission
criterion of RC (PPC) slabs are expressed in theD®Sign Handbook as function of aggregate
type and concrete thickness. Additional heat trassion fire ratings are provided for insulated

and built-up concrete floor/roof assemblies basedskab thickness, insulation type (sprayed
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mineral fiber, vermiculite cementitious materialjneral board, and glass fiber board), and
insulation thickness. Once both heat transmissiot strength fire ratings are evaluated the
minimum of these two values represents the firmgadf PPC double T-beam and is generally
assigned to be as 1, 1%, 2, 3, or 4 hours ratings.

In Canada, the National Building Code of Canad®%2@nd CPCI Design Manual (2007) are
two main guidance documents which set forth firevmions for PPC structures. These
provisions are very much similar to those in USeassstandards. The tabulated fire ratings are
based on concrete cover to prestressing strantishéwspecified cover thickness is only based
on aggregate type in concrete and beam area. Hggegate types namely type S, N, and L
represent concrete composed of siliceous, calcaremulightweight aggregates, respectively.
No consideration for restraint is included becaiide assumed that the unrestrained member
governs and will suffice for restrained conditioriSxcept for minor difference in tabulated fire
ratings, the simplified calculation method is vally identical to provisions in US code
provisions. The only other significant difference Canadian fire provisions is that heat
transmission criteria for insulated concrete flomof assemblies’ utilize multiplying factors
rather than tabulated data. The multiplying festonodify the effective thickness of the
insulation material (multiple types of plaster, gym wallboard, cellular concrete, vermiculite
and perlite concrete, portland cement with sandreagdes, and terrazzo) to determine a
equivalent concrete thickness based on its thepmogderties. This equivalent thickness is then
used to determine the tabulated fire rating, sintdaUS fire provisions. Based on these three
criteria a fire rating, corresponding to a minimwalue, is assigned for PPC double T-beam as

Y5, %, 1, 1v, 2, 3 or 4 hours.
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In Europe fire provisions for PPC structures arecdfed in the Eurocode. The tabulated fire
ratings for PPC beams set forth in Eurocode 2 (R@0é similar to US and Candian fire
provisions, except they are based on combinatidnsetd width and axis distance to strand
centroid for both simply and continuously supporbe@ms. An additional set of tabulated fire
ratings is provided for four-sided exposure (in iadd to three-sided exposure) in beams.
Neither set of tabulating fire ratings in the Ewde take in to consideration the influence of
aggregate type on fire resistance. In addtiorhésé prescriptive-based approaches, Eurocode
fire provisions also permit the use of advancedyaigfor evaluating fire resistance of PPC
members. Application of these advanced analysibniques require detailed thermal and
mechanical analysis with due consideration to s&alfire scenarios, actual load intensities, and
restraint conditions to evaluate fire resistanceleunperformaced-based codes. Fire rating
provisions specified in US, Canadian, and Eurogd@ancodes and standards are tabulated in
Table 2.4.

To illustrate the variation in US, Canadian, andd€ode fire provisions, fire ratings were
evaluated for two PPC double T-beams (10DT24+2 HT32+2). Ratings computed based
on tabulated data, simplified calculation, and Hemtsmission approaches are shown in Table
2.5. The detailed calculations for these resuktsim Appendix A. The tabulated fire ratings of
both beams yield 1% hour as per US standards, W@aleadian and Eurocode fire provisions
produce 1Yz hour for 10DT24+2 and 2 hour ratingdeam 12DT32+2. This variation in fire
ratings is mainly due to the consideration givewliféerent factors in each code such as the use
of effective flange thickness in Canadian code meglecting aggregate type in Eurocode.
Further deviations are observed in simplified cidton fire ratings, where Eurocode and

Canadian provisions result in a 1% hour fire ratfog both beams. However, the US fire
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provisions produce 1% and 2 hour fire ratings fearn 10DT24+2 and 12DT32+2, respectively.
The main reason for these differences in fire giis due to the load combinations utilized in
standard fire tests. In heat transmission critdSaand Canadian fire provisions yield 1 hour fire
rating for both beams, while the Eurocode provisigsult in 1% hour fire rating for both beams
and this is due to the lack of consideration fogragate type in Eurocode. It should be noted
that all these provisions are based on the starfiteréxposure without any consideration for

realistic fire, loading, and restraint scenarios.

2.3. High Temperature Material Properties
2.3.1. General

The fire resistance of PPC beams is dependenteohid¢fm temperature material properties of its
constituent materials, namely concrete, mild reitifey steel and prestressing steel. The three
properties that influence fire response of strdtunembers are thermal, mechanical, or
deformation properties. Thermal properties (spedikat, thermal conductivity, and density)
influence heat transfer characteristics, mechanpmalperties (compressive strength, yield
strength, and elastic modulus) affect strength stifthess attributes, and deformation (thermal
elongation, creep, and transient strain) properti@strol the deflections of a material. In
addition to these inherent material properties,spfa} characteristics, such as fire-induced
concrete spalling or bond strength, also affecfiteeresistance of PPC beams.

In today’s technology driven society it is commoragiice to utilize computer software to
predict the fire resistance of PPC beams. Theflwa® programs require high temperature
constitutive models as input for each unique makeype included in the analysis. Generally,
these material relationships are developed baseahagxhaustive number of high temperature
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material tests. Two widely accepted sources fgh emperature constitutive models are ASCE
Manual of Practice No. 78 (1992) and Eurocode D420 The following sections provide an
overview of these high temperature constitutive el®dor normal strength (conventional)
concrete, high strength prestressing steel, and reihforcing steel. To view the empirical
relationships for these constitutive models refeAppendix A.1. In addition, the findings of

several studies used to establish similar mategiationships are highlighted.

2.3.2. Concrete

High temperature material properties which influetiee fire resistance of concrete are thermal,
mechanical, and deformation properties. Fire iedugpalling is a physical characteristic which

also impacts the fire resistance of concrete.

2.3.2.1. Thermal Properties

Thermal properties which influence concrete tenfpees are specific heat, thermal
conductivity, and density. Limited research (Saadal 1996, Kodur and Sultan 2003, Arioz
2007, Shin et. al 2007, Kodur et. al 2008, and Kahd Harmaty 2008) has been performed to
quantify high temperature relationships for norstaéngth concrete due the difficulty associated
with measuring these properties under fire. Initaaid the results of these studies reveal large
discrepancies due to differences in test methodscedures, conditions, and measurement
techniques (Kodur et. al 2008). Despite these dioatpns, ASCE (1992) and Eurocode (2004)

provide relationships for thermal properties ofmal strength concrete.
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Thermal Conductivity

Thermal conductivity characterizes the heat transéée for a solid material. Figure 2.10
illustrates the variation of thermal conductivity fnormal strength concrete according to ASCE
(1992) and Eurocode (2004) models. The ASCE moflets more options than the Eurocode
model because it is a function of temperature guytemate type, rather than temperature alone.
Four different types of aggregates (siliceous, aaalte, pure quartz, and expanded shale) are
provided for the ASCE model. Although, the Euroceadodel does not differentiate between
aggregate type, it does offer an upper and lowsit,lrelying on the users discretion. The upper
limit was derived from tests on steel/compositedtires, while the lower limit is suggested to
give more accurate results since it is based @ntésts from a variety of different types of
concrete structures. Therefore, the Eurocode modeld provide misleading temperature

results, especially if utilized for concrete contag siliceous or pure quartz aggregates.

Specific Heat and Density

Thermal capacity is the product of specific heat dansity. This property defines the amount of
energy required to raise a unit volume of a matéyaa unit temperature. Figure 2.11 illustrate
the variation of thermal capacity for normal stréngoncrete according to ASCE (1992) and
Eurocode (2004) models. Once again, the temperéieat capacity ASCE model is a function
of temperature and aggregate, but the Eurocode Imsddependent on temperature alone.
Therefore, Eurocode model cannot account for diffees between aggregate type that ASCE
model can, such as the large increase in thernpelcdy that occurs during the range of 600-

80C°C (1112-1472F) in carbonate (limestone) aggregates. Theseegiancies could lead to
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significantly different outcomes when used to pcedhe fire resistance of PPC beams,

especially under increasing temperatures.

2.3.2.2. Mechanical Properties

High temperature mechanical properties that infbeefire resistance of concrete are tensile
strength, compressive strength, and elastic modulis date, few studies have focused on the
effects of fire on concrete’s tensile strength, thuthe standard practice of neglecting the tensile
resistance of concrete in design. However, theerlatwo material properties have been
extensively researched. These studies (Saad £898l, Arioz 2007, Kodur et. al 2008, Kodur
and Harmathy 2008, Li et. al 2004, and Husem 20@®)e focused on developing high
temperature relationships (i.e. stress-strain @)réer normal strength concrete based on two
approaches, either high temperature or residuaémabttesting. Both testing techniques are
similar in that they are performed incrementallaateries specified temperatures by loading the
specimen until failure. The difference betweerséhechniques is that the high temperature tests
are loaded during fire exposure, while residualstese loaded once the concrete specimen has
been cooled (after exposure to high temperatureserueither ambient, air, or water jet
conditions.  Although the residual properties ofcancrete are important in a post-fire

assessment, only high temperature relationshipsargdered in the following review.

Stress-Strain Curve

Stress-strain curves define a material’s mechamgsgonse to an applied force or deformation.
Since concrete’s mechanical response is temperdapendent, a unique curve is necessary for

every temperature encountered. Figure 2.12 illtes¢r a series of stress-strain curves for a
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normal weight concrete at various temperaturesrdoupto ASCE (1992) and Eurocode (2004).
The Eurocode model provides a curve for carbonadesdiceous aggregate types, while ASCE
model utilizes a single curve for siliceous, cardenand expanded shale aggregate types. Both
models initially behave similar, until the maximwstress is reached. Beyond this point, both
curves begin their descent, but the Eurocode miadelporates a linear trend, while the ASCE
model utilizes a nonlinear relationship that is muaeore prolonged. Although not illustrated in
the figure, the Eurocode model does offer a noalingption that is comparable its linear
alternative. The Eurocode model reveals that @iaamembers made of carbonate aggregates
possess a greater fire resistance than those nialle@ous aggregates. At lower temperatures
the ASCE model envelopes the Eurocode model, buemperatures rise the ASCE model
eventually provides a lower fire resistance tham BEurocode model. These models are further

examined in the following discussion on elastic mod and compressive strength.

Elastic Modulus

Elastic modulus describes how a solid material tieldyy deforms under stress. In solid
mechanics, it is defined mathematically as theahglope of the stress-strain curve and can be
easily identified for each stress-strain curveiguFe 2.12. Figure 2.13 illustrates the variation
of elastic modulus of concrete with respect to terajure, according to ASCE (1992) and
Eurocode (2004) models. The ASCE model initialhgichdes at a slower rate than the Eurocode
model, until approximately 80C (1472F). The greatest difference between these models
occurs at temperatures below 300(572F). The elastic modulus curves for the Eurocode
model further reinforces the fact that carbonaigregate concrete provides better fire resistance

than siliceous aggregate concrete.
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Compressive Strength

Compressive strength of concrete corresponds todlithiéng stress at which the failure of
concrete occurs due to a uniaxial crushing loadis Timit is defined numerically as the
maximum compressive stress along a stress-straue @nd is clearly illustrated in Figure 2.12.
Figure 12.4 illustrates the variation of compressistrength of concrete with respect to
temperature, according to ASCE (1992) and Euro¢@@@4) models. The ASCE model retains
100% its strength until temperatures reach°@o@B42F), at which point it begins to linearly
decrease until all of the concretes strength isested at a temperature of 8Z4(1605F). In

the Eurocode model the onset of strength loss scua temperature of 2W0 (392F) and as
temperatures rise loses continue to accumulateingamly until zero strength remains at a
temperature of 120C (2192F). Based on these empirical relationships, th&€BSnodel
provides better fire resistance than the Eurocoddeinfor temperatures below approximately
700°C (1292F). However, it is not until temperatures exce@@8 (1472F) that the Eurocode
model exhibits a better fire performance than @ganterpart, due to the fact that the Eurocode
model distinguishes between aggregate type. Sitailthe previous results, the Eurocode model

depicts that carbonate aggregates perform bettirdime conditions than siliceous aggregates.

Tensile Strength

Tensile strength of concrete refers to the critissbss when concrete fails under uniaxial
tension. A general rule of thumb, under ambiemiperatures, is the tensile strength is one tenth
of concrete’s compressive strength. As mentiomedipusly, it iS common practice to neglect

the tensile resistance of concrete. Consequem@yny design guides, such as ASCE, do not

provide high temperature relationships for tensitength of concrete. Despite this practice, the
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Eurocode does provide a relationship and is showfigure 2.15. This model provides a single
curve for all aggregate types. For temperaturesoup00C (212F), the concrete retains full
tensile strength, but for temperatures in excedO6IC (212F) the tensile strength reduces at a

rate 0.2%7C (0.06%/?F) until zero strength remains at a temperatu@06fC (1112F).

2.3.2.3. Deformation Properties

The four types of deformation properties that iafiae the fire resistance of concrete are
mechanical, thermal, creep, and transient straimgineers rely on strain to measure the relative
deformation of a material. Strain is defined as¢hange in length over its original length.
Hence, it is the accumulation of these four typlestrain that lead to the net deformation of
concrete, under both ambient and fire conditiohkkhough, these properties are discussed
individually, they have a very complex interrelaiship that can make it difficult to distinguish
one type of strain from another, especially underdonditions. It should be noted, although
mechanical strains contribute to the deformatidrsoacrete, this property is generally classified
as a mechanical property and is already presentdiekiprevious section. The discussion below

highlights the concretes deformation propertiestaed response to fire conditions.

Thermal Expansion

Thermal expansion (contraction) of concrete refierthe change in volume of concrete due to an
increase or decrease in temperature. Thermal sigrgralso known as thermal strain, is defined
as quotient of the change in length over its odbilength. Although at first glance this

mathematical relationship appears trivial, whenntgyto measure this property to quantify a

material relationship it can be very difficult testinguish the difference between thermal strain
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and shrinkage. Despite this fact, many researcfi€¢oslur and Sultan 2003, Naus 2005,
Harmathy 1967, Petterson 1965, Saito 1965, and mwedg and Thelandersson 1976) have
conducted studies to develop high-temperatureioalstips for numerous concrete types. Most
of the studies relied on commercially availableatdimetric equipment to measure the volume
changes, while other simply mounted radial and itodgnal strain gauges to a specimen and
place in a furnace. Several factors that have heentified to influence this parameter are
aggregate type, cement type, water/cement ratebjramsture content.

Figure 2.16 illustrates variation of concrete thalrraxpansion as a function of temperature
according to ASCE (1992) and Eurocode (2004) modelhese models reveal that with
increasing temperatures the thermal strain increathe ASCE model provides a single curve
for all aggregate types and gradually increasea &sction of temperature. The Eurocode
model provides two separate curves, one for catboaggregates and another for siliceous
aggregates. Both of these curves tend to incr@asdaster rate until they plateau around 700 or
800°C (1292 or 1477ZF), depending on the aggregate type. The Eurocwmuldel reveals that
carbonate aggregates are much more sensitive fzetatare than siliceous aggregates. Another,
interesting feature of this model is that for higgmperatures, thermal expansion no longer

increases with temperature for neither type of oetec

Creep Strain

Creep refers to the time-dependent plastic defoomaf a material. More specifically, creep is
when a material deforms permanently from a strhas is less than its yield point. Under
ambient conditions, this type of deformations osotery slowly, over a long period of time, and

as a result of high stress levels. However, inpitesence of fire, it only takes moderate stress
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levels to rapidly generate large creep strainsoincete. One reason for this behavior is that
high temperature creep in concrete is caused byntgeation of water within its microstructure
and upon heating this movement of moisture is acatdd. Another reason is that with
increasing temperatures, materials degrade andtleardselves to be more susceptible to the
effects of creep. High temperature creep influsrtbe fire resistance of concrete, because it can
lead to large defections, a redistribution of stess and/or relieve unwanted tensile stresses.
Literature reveals that the main factors influegcimgh temperature creep in concrete are
composition, load duration and intensity, tempamand exposure time. The composition, such
as aggregate type, mix proportions and type of ag¢nh@ave been found to influence the creep of
concrete at high temperatures. As for the remgif@ctors, creep has proven to increase with
larger loads applied for longer durations, as vesl under higher temperatures for longer
exposure times. Despite these findings, limitedeaech has been undertaken to develop
practical high temperature creep curves due toatasplexity. This lack of data is one reason
why the effects of high temperature creep are moterplly explicitly included in manual or
computer-based fire resistance calculations. Hewepart of high temperature creep is still
accounted for in fire resistance calculations icipli through the use of stress-strain curves
which have built-in allowances for typical amoupnfscreep strain encountered in fire tests of

concrete members.

Transient Strain

Transient strain is an irrecoverable strain thaketlps the very first time, and only the first time
when loaded concrete is exposed to elevated tetupesa This type of strain is very complex, it

accounts for deformations resulting from concretesemical decomposition and thermal
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instability under fire conditions. Two examples tbke type of chemical decomposition that
occur in concrete is the breakdown of hydratiordpots in the cement paste and phase changes
that aggregates undergo. Whereas, the thermabifises in concrete are caused by a variance
in the thermal expansion of aggregates and cemastep The combined effects of the
deterioration and varying thermal expansion indattess-concentrations that lead to micro-
cracking and deformations. This behavior providekegree of relaxation and is one reason why
concrete does not degrade completely when heated.

Research (Gernay & Franssen 2011, Anderberg ankidersson 1976, Fletcher, et. al. 2007,
Bastami and Aslani 2010) to study the behaviorafgient strain in different types of concrete
has been limited. One of the reasons for thikas there is no direct test procedure to measure
transient strain. In fact, commonly, transient acréep strain are measured together by
measuring the total strain and deducting both m@chhand free thermal strain. This lumped
measurement is often called, transient creep straithough neither the ASCE (1992), nor the
Eurocode (2004) models provide a direct relatigm$bi transient strain or transient creep strain.
As mentioned previously, these effects are incluiheplicitly by providing an allowance for
such behavior in the stress-strain relationshipghis approach has been argued by some

Anderberg and Thelandersson 1976) to have imphicaton the elastic modulus of concrete.

2.3.2.4. Physical Properties

The primary physical property that influences tive fesistance of concrete is fire-induced
spalling. Fire-induced spalling refers to the @ickarge and/or small pieces or layers of concrete
breaking off during a fire as a result of tempemateffects. Of the four types of spalling

(explosive, surface, aggregate, and corner), ex@aspalling has the potential to be the most
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damaging, because it occurs suddenly in a violasttibn and results in large voids of missing
concrete. One of the consequences of fire-indgpadling is that it directly exposes the steel
reinforcement to the deleterious effects of fil@ising a rapid decay in strength and stiffness. In
addition, the missing concrete also contributesatoeduction in stiffness and load bearing
capacity. Fire-induced spalling can also triggeond loss between the concrete and
reinforcement. All of these effects can be detritakon the fire resistance of concrete.

A review of literature (Khoury and Anderberg (2008dJusem (2006), Fletcher et. al. (2007),
Naus (2005), Jansson (2008), and Kodur and DwdR@d8)) reveals that numerous studies
have been undertaken to study fire-induced spallififnese studies indicate the factors that
influence fire-induced spalling are heat rate, imggprofile, section size, section shape, moisture
content, pore pressure, permeability, age of céecreoncrete strength, restraint, type of
aggregate, aggregate size, cracking, reinforcernentrete cover, supplementary reinforcement,
steel fibers, polypropylene fibers, and air-entn@@nt. Despite these findings, fire-induced
spalling is still quite unpredictable. This is part due to the complexity associated with the
phenomenon and also to lack of high temperatureenmaat properties and calculation
methodologies. Therefore, neither the ASCE (1988),the Eurocode (2004) models provide a

high-temperature relationship to predict the findticed spalling.

2.3.3. Prestressing and Mild Reinforcing Steel

Similar to concrete, the high temperature matgnaperties which influence the fire resistance
of steel reinforcement are thermal, mechanical,defdrmation properties. At any temperature,
the material properties of steel reinforcement gueatly influenced by composition, forging

procedure, and heat treatment employed duringioreatin the following sections, two types of
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steel reinforcement are presented, prestressieyastd mild reinforcing steel. Prestressing steel
is produced by cold working the steel, while remsfog steel is formed through a hot-rolling

process. As a result of the different techniquesduto manufacture these products, their
behavior and response to high temperature varff@escompare and contrast these differences,
the material properties for both types of steatfigcement are presented simultaneously in the

following sections.

2.3.3.1. Thermal Properties

Thermal conductivity and specific heat are therpraperties that influence heat distribution and
temperature rise in reinforcing and prestressieglst A number of studies (Yafei et. al 2009,
Kodur and Harmathy 2008, Harmathy 1988) have beelertaken to study the behavior of these
material properties under fire conditions. Theselies reveal at ambient temperatures, thermal
properties are influenced by metallurgical composittype of reinforcement, and temperature,
but under fire conditions, temperature is the ordyiable which has a significant influence. At
any temperature, all types of steel possess auvaiahigh thermal conductivity and low specific
heat compared to other construction materials.piDe¢he minor variation in thermal properties
due to temperature, the thermal response of the types of steel reinforcement lead to rapid
temperature rise and uniform distribution of helt the case of PPC members, this temperature
rise in the steel reinforcement is further exenmgifby the slender cross-sections. Therefore,
when predicting the fire resistance of PPC memtiershermal properties of reinforcing steel or
prestressing steel are ignored and idealized asfagb conductor. In essence, the temperature of

the steel reinforcement is equivalent to the surding concrete. Based on this assumption,
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design guides do not readily provide constitutivedels for the thermal properties for either type

of steel reinforcement.

2.3.3.2. Mechanical Properties

Yield strength, ultimate strength, and elastic niogllare temperature dependent mechanical
properties which influence the strength and stgfheharacteristics of steel reinforcement.
Generally, these material properties are provigethé form of a series of stress-strain curves.
Many high temperature material tests (Abrams andzCk961, Atienza and Elices 2009,
Elghazouli et. al 2009, Harmathy 1970, Harmathy 89Blolmes et. al 1982, Kodur and
Harmathy 2008, Neves et. al 1996, Schneider €t9&1, and Wenzhong et. al 2007) have been
carried out to develop empirical relationships $tress-strain curves of prestressing and mild
reinforcing steel under fire conditions. Most tiese tests were carried out utilizing static
loading and steady-state heating conditions. Thdies identified heating rate, strain rate, type
of reinforcement, and temperature as several fadt@t influence the mechanical properties of
steel reinforcement. Another conclusion drawn fittiese studies was that prestressing steel is
much more sensitive to high temperatures thenaminfg steel. According to Hill and Ashton
(1957), prestressing steel loses half of its stteragound 400°C (752°F), while mild steel

reinforcing loses half its strength when temperegwapproach 600°C (1,112°F).

Stress-Strain Curve

Stress-strain curves provide a means to predictméehanical behavior of steel reinforcement
when subjected to stress or strain. When stepfareement is exposed to fire conditions, a

unique stress-strain curve is required at everyp&ature encountered to define its mechanical
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behavior. For example, Figure 2.17 illustrates esies of stress-strain curves at several
temperatures for prestressing steel according todéde (2004) model. Each curve initially
behaves linear elastic until the proportional limds been reached. Beyond this point, the
prestressing steel begins to undergo irreversiletrchations and the relationships become
rounded until the ultimate strength is reached #r&dstrain increases without an increase in
stress. These curves reveal that with increasemgpératures the strength and stiffness of
prestressing steel decreases. It is noteworthyjeation that the ASCE (1992) model only
provides high-temperature material relationshipgémforcing steel and not prestressing steel.
Similarly, Figure 2.18 illustrates a series of sgatrain curves for mild reinforcing steel at
various temperatures according to Eurocode (200d)2A5CE (1992) models. Like prestressing
steel, an increase in temperature results in aedserin strength and stiffness. Contrary to the
other relationships, the Eurocode model for rerifay steel exhibits a nearly idealized elasto-
plastic stress-strain relationship at ambient tewatpees, with a discrete yield and ultimate
strength. This model does not capture the dubgleavior of mild steel reinforcing, because it
assumes that strain hardening is negligible aeatperatures. Hence the maximum stress level
is treated as effective yield strength. Some (&tgluli et al. 2009) argue that this assumption is
not valid until temperatures exceed 400°C (752°B} a result of this assumption, the model
maintains a 100% of its ultimate strength for terapges up to 400°C (752°F), whereas the
other relationships for reinforcing and prestregsisieel are continuously degrading as
temperatures rise. Excluding the stress-straimesushown for 600°C (1,112°F), the two mild
steel reinforcing models correlate poorly. The#einces and more are further emphasized in
the following discussion regarding the high tempaerelationships for ultimate strength, yield

strength and elastic modulus of steel reinforcement
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Ultimate Strength

Ultimate strength of steel reinforcement corresgotadthe maximum stress along a stress-strain
curve. Figure 2.19 illustrates the variation ofirshte strength of prestressing and mild
reinforcing steel as a function of temperature etiog to Eurocode (2004), PCI (2004), and
ASCE (1992) models. With the exception of the ASGédel for mild reinforcing steel, all of
the ultimate strength relationships exhibit an §p&d curve, common amongst materials
degrading under elevated temperatures. Althoulgbset three models behave similar, the
prestressing steel curves begin to lose strengft0@tC (212°F), compared to 400°C (752°F)
according the Eurocode model for reinforcing steéh contrast, the ASCE model for mild
reinforcing steel decays in a bilinear fashioniminediately begins to lose strength linearly until
it reaches approximately 20% of its strength at°@0(QL,652°F) and then completely degrades
once 1,000°C (1,832°F) is reached. When compahegmodels for each material, a strong
correlation between the Eurocode and PCI prestrgsieel models exist. However, significant
differences can be observed when comparing thecBdeoand ASCE mild reinforcing models
and is partly due to assumptions inherent to the&de model. This figure reiterates the fact

that prestressing steel is more susceptible to teigiperatures than reinforcing steel.

Yield Strength

The vyield strength of steel refers to the streswlath the steel begins to undergo permanent
deformations. Under ambient temperatures, thesgtain curve for mild reinforcing steel has
a well-defined yield strength characterized by ¢inset of deformations without an increase in
stress or by the sharp change in direction of ttress-strain curve. When mild steel

reinforcement exposed to elevated temperaturesdiisct point along the stress-strain curve
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loses its definition as deleterious effects of iezise the relationships to become more rounded.
This same effect is common in prestressing steeeumoth ambient and fire conditions.
Therefore, to quantify the yield strength of stesihforcement of a soft curve, it is common
practice to utilize the concept of proof strengithis approach defines the yield strength as the
intersection of stress-strain curve and a line drgarallel to the linear elastic portion of the
curve starting at a specified strain. A proof istraf 0.2% is commonly used and widely
accepted as a reasonable starting point.

Figure 2.20 illustrates the variation of mild rerding and prestressing steel yield strength as a
function of temperature according to Eurocode (2@0w@l ASCE (1992) model. All three curves
reveal that with increasing temperatures the ymléngth of steel reinforcement decreases.
However, the Eurocode model for prestressing simehediately forms and continues to
maintain the lower bound for all three curves utginperatures reach 700°C (1,292°F). A
similar trend is observed for the Eurocode modelnfidd reinforcing steel, except that it does
not begin to lose strength until 100°C (212°F).stlyg the ASCE model for mild reinforcing
steel trend is nearly identical to that of its mkite strength, the yield strength linearly decrease

until it is all of it strength has been depleted.

Elastic Modulus

As mentioned previously, elastic modulus describe® a solid material elastically deforms

under stress and is defined mathematically asnitialislope of the stress-strain curve. Figure
2.21 illustrates the variation elastic modulus foitd reinforcing and prestressing steel as a
function of temperature according to Eurocode (2@ ASCE (1992) model. Once again, the

Eurocode models for both types steel reinforceneghtbit an S-shaped trend. With increasing
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temperatures, the two relationships crisscrossrakvemes until temperatures reach 700°C
(1,292°F) when they begin coincide as temperataogginue to rise. In contrast, the ASCE
model for mild reinforcing steel illustrates a sigareduction in stiffness from ambient
temperatures until temperatures reach 1,000°C 2183 When compared the Eurocode
models, the ASCE model also exhibits greater raddtisses in stiffness until temperatures reach

600°C (1,112°F).

2.3.3.3. Deformation Properties

The three types of deformation properties thaugnrfice the fire resistance of steel reinforcement
are mechanical, thermal, and creep strain. Asiowed previously, strain is used to measure
the relative deformation of a material and is dedims the change in length divided by its
original length. Therefore, the net deformatiorswain of steel reinforcement is the summation
of these three types of strain. Although, thesperties are discussed individually, they have a
very complex interrelationship that can make ifichifit to distinguish one type of strain from
another, especially under fire conditions. The Ima@dcal strains contribute to the deformations
of steel reinforcement, but this property is getherdassified as a mechanical property and is
presented as one in the previous section. Theskgm below highlights the deformation
properties and their response to fire conditiomgpfestressing and mild reinforcing steel

reinforcement.

Thermal Expansion

The thermal strain of mild steel reinforcement am@cterized by the deformation property

known as thermal expansion. Thermal expansiont(@otion) of steel reinforcement refers to
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the change in volume of steel due to an increasdeorease in temperature. Many studies
(Schneider et. al 1981, Elghazouli et al. 2009, ébdrg 1986, and Harmathy 1988) have been
undertaken to establish high temperature relatipssior both mild reinforcing and prestressing
steel. Generally, these high temperature mategkdtionships were on developed based
unloaded specimens and under transient heatinghesgi The test results revealed only minor
differences between minor reinforcing and presingssteel. Types of steel and strength have
no bearing on the thermal expansion of either tyfpgeel reinforcement.

Figure 2.22 illustrates the variation of mild rarding and prestressing steel thermal expansion
as a function of temperature according to the ASTI92) and Eurocode (2004). In general, all
three relationships primarily exhibit a linear iease in thermal strain with increasing
temperatures. Furthermore, the two curves forfeeting steel also tend to produce higher
strains than that of the prestressing steel. Camégation between these relationship occurs
between the temperatures of 800°C (1,472°F) and°@6(,580°F) when the Eurocode
reinforcing steel strains flatten and maintain astant value until temperatures exceed this
range. This sudden change in behavior is a re$ah austenitic transformation of steel, where
the crystalline structure of steel transforms fréerrite into austenite. This transformation
requires large amounts of energy and consequemly ehdirect influence on the materials’
physical properties of steel. Despite this minmonsistency, all three curves correlate well.
Furthermore, these curves prove to be represeatatitow well the different studies correlated

amongst one another, hence the reason why desidasgcommonly prescribe a constant value

of 14x1(56/°C for the coefficient of thermal expansion.
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Creep Strain

Creep strain in steel reinforcement refers to thecoverable strains that result from high stress
levels sustained over long periods of time anditamfexposure to high temperatures. Typically,
high temperature creep does not influence the fesistance of prestressing steel until
temperatures exceed approximately 250°C (482°Fiépmerg, 2008), while in reinforcing steel
the effects of creep do not come into play untiperatures are around 400°C (752°F) to 500°C
(932°F) (Elghazouli et. al, 2009). Creep is chaared by three distinct phases: a primary,
secondary, and tertiary phase. In the primary @ht® creep strain increases parabolically at
decreasing rate with respect to time and temperatuNext, the secondary phase exhibits
constant rate of increase in strain over time amtperature. Lastly, the tertiary phase leads to
an accelerated increase in strain until rupturgeb&nown as runaway strain. According to Leir
(1993), it is not essential to capture the tertiphase of creep strain in steel reinforcement
because creep strains in the later part of thensleeyg phase produce a structural response that is
deemed unacceptable.

Numerous studies (Williams-Leir 1983, Harmathy &tdnzak 1970, Harmathy 1988, Dwaikat
and Kodur 2008) have been undertaken to develtygtotemperature material relationships for
creep strains in prestressing and reinforcing st@élese relationships are based on a variety of
factors, such as stress, temperature, activati@nggn and duration of stress. Historically,
Harmathy’'s model based on Dorn’s (1955) creep thdéms been the most widely accepted
approach for predicting high temperature creepspide its acceptance, it has several drawbacks.
For example, it assumes constant stress, whichmlesold true for restrained members. Also,
it is based on the assumption that the materiahnesrphysiochemically stable, but between the

temperatures of 371°C (700°F) and 704°C (1,3004fpan steel begins to soften and the
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assumption is no longer valid. In lieu of thesguaus relationships, code-based equations avoid
the complexities associated with predicting creégirs in fire resistance calculations by
implicitly including through the stress-strain rtaships based on strength and stiffness as a

function of temperature.

2.3.3.4. Physical Properties

Bond strength is a physical property of steel micément that is based on the adhesion and
friction developed between steel reinforcement aodcrete. The characteristics of steel
reinforcement that influence these mechanisms @rdorcement type (smooth bars, ribbed,
strands, and tendons), diameter, coating (nongaxyg, size and spacing of ribs, and whether
the reinforcement is in compression or tensioncdncrete, it is the proportions and ingredients
included in the concrete mix design (cement typkeniatures, and water-cement ratios), as well
as shrinkage when present, that impact bond strentyt addition to these factors, under fire
conditions, fire-induced spalling of the concretemediately in the vicinity of steel
reinforcement can cause the bond to degrade rapidtan result in complete bond loss. In the
event of bond loss, the steel reinforcement slgading to an increase in concrete stress and
reduction in capacity and often pursued by strattiailure.

The bond strength of mild reinforcing and prestressteel under ambient temperatures is well
studied, but under elevated temperature researshbban limited. In a literature review
developed by Naus (2005) the findings of a smallection of studies reveal that the bond
strength of steel reinforcement decreases witteaging temperatures, but significant losses are
not sustained until temperatures exceed 400°C E)52Also, prestressing steel provides better

bond strength at higher temperatures than mildorsimg steel. Furthermore, when comparing
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the bond attributes different types of mild reimiog steel, ribbed reinforcing provides better
fire resistance than plain round bars. DespitedHedings, current codes and standards do not
provide any guidance or consideration for failutee do bond loss. Rather it assumed that the

loss of strength and stiffness will occur first agalern the fire resistance of PPC beams.

2.4. Summary

This chapter presented a state-of-the-art litegataview on the fire resistance of PPC beams.
First, begins a description of the current apprdacithe design for fire resistance of PPC beams
was provided. Next, a review of experimental andlgical studies identified some of the key
factors governing the fire resistance PPC Beamsnuun failure modes, and basis of current
prescriptive-based design provisions. The maiwdazk of these studies is that they are based
on standard fire conditions, without full considera for load, restraint or design fire scenario.
Also, an overview of US, Canadian, and Eurocodégdege codes/standards is presented. This
review confirmed that the current prescriptive-laaapproach is limited in scope and restrictive
in nature. Furthermore, these guidelines are waliygl for a narrow range of beams and do not
fully account for realistic fire, loading or resttascenarios. Lastly, a review of literature be t
high temperature material properties of concretdd meinforcing steel and prestressing steel
were highlighted. Included in this section arehhigmperature material models according to the
ASCE (1992) and Eurocode (2004) models. Largeatiaris are observed when comparing each
model. Based on this literature review it is ewidi® overcome these drawbacks further research

is required to develop a rational approach to ptdte fire resistance of PPC beams.
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Table 2.1 — Tabulated Fire Ratings for PPC BuildingComponents (Gustaferro and Carlson
1962)

Concrete cover for various fire resistance, mm

Type of unit Cross-sectional area, é Recommended rating, hr

1 2 3 4
Girders, beams, and 258 to 968 51 n.d. n.d. n.d
ioists 968 to 1935 38 64 n.d. n.d
’ Over 1935 38| 51| 76| 4
Slabs: solid or cored n.a. 25 38 51 n.d.

Note: 1 in. = 25.4 mm; n.d. = no data (missingd, = not applicable.

"Adequate provisions against spalling shall be glediby means of wire mesh.

In computing the cross-sectional area for joists,drea of the flange shall be added to
the area of the stem, and the total width of taedk, as used, shall not exceed three
times the average width of the stem.

Table 2.2 — Tabulated Fire Ratings for PPC T-beamwith Spray-applied Insulation
developed by Abrams and Gustaferro (1972)

Stem width at| Concrete Thickness of insulation, mm
steel centroid, cover, u, Vermiculite Type MK Sprayed mineral fiber
b, mm mm 2, hr 3, hr 2, hr 3, hr

64 25 25 n.d. 25 n.d.
76 32 19 32 19 32
102 38 13 25 13 25
127 44 10 19 10 16
152 44 6 13 10* 16
203 44 6 10 10 13
203 70 0 6 0 10

Note: 1in=25.4 mm.

"Governed by requirements for u
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Table 2.3 — Reinforcement Details of RC Beams us@adLin et al. (1981) Study to
Investigate the Effects of Shear and Moment Redistrution of Continuously Supported
Flexural Members

(a) Top Reinforcement Details

Specimen Top bar
ty‘?e an-d Design A b c d e
designation
|- AAA A 2 #19 2 #19 2 #19 n.a. n.a.
o 9.7m 2.8 m 8.0m
Il - ABA A 2#19 | 2#19 | 2#19 | g n.a.
o 9.7m 2.8 m 8.0m
Il - AAB A 2#19 | 2#19 | 2#19 | g n.a.
o 9.7m 2.8m 8.0m
IV- ABC A 2#19 | 2#19 | 2#19 | g n.a.
9.7m 2.8m 8.0m
V -BCD B n.a. n.a. n.a. S #25 2#25
9.6 m 4.0 m
Note: 1 in. = 25.4 mm; 1 ft = 0.3048 m; n.a. = applicable.
Top reinforcement bars begin 38 mm (1% in.) fromheand. Roman numeral
designates type. First letter refers to top sssdpnd to bottom steel and third to
stirrups. All bars of Grade 413 (60 ksi).
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Table 2.3 (cont’d)

(b) Bottom Reinforcement Details

Specimen Bottom bar
ty"_’e an.d Design F g h i
designation
2 #19 2 #19
|- AAA A 97m 36m n.a. n.a.
2 #19 2 #19
I1- ABA B 97m 97m n.a. n.a.
2 #19 2 #19
I -AAB A 97m 36m n.a. n.a.
2 #19 2 #19
IV- ABC B 97m 97m n.a. n.a.
2 #19 5 #25
V - BCD C n.a. n.a. 0.6 m 33 m

Note: 1 in. = 25.4 mm; 1 ft = 0.3048 m; n.a. = applicable.

Bottom reinforcement bars are symmetric about ckmée Roman
numeral designates type. First letter refers posteel, second to
bottom steel and third to stirrups. All bars ob@e 413 (60 ksi).
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Table 2.3 (cont’d)

(c) Stirrup Reinforcement Details

Specimen Stirrups
tyPe an-d Design | Size Spaces (mm)
designation
19@ 152| 5@ 305
|- AAL A =29m | =15m n-a
19@ 152| 5@ 305
Il - ABA A —29m —15m n.a.
Il - AAB B 10@114| 19@64 | 7@76 | 7@ 152| 2@ 305
- =11m =40m | =05m| =11m | =0.6m
7T@152 | 18@ 76 | 3@ 152| 6 @ 305
V- ABC ¢ =11m| =14m | = 05m| =1.8m| &
V- BCD D 10@114 | 16 @76 | 5@ 102| 8@ 152| 3 @ 305
=11m =12m | =17m| =09m | =09m

Note: 1 in. = 25.4 mm; 1 ft = 0.3048 m; n.a. = applicable.
"Designates # 4 bar stirrups; all other stirrups @¢3) bar

Shear stirrups reinforcement begin 76 mm (3 imjnfleach end. Roman numeral designatg

type. First letter refers to top steel, seconddttom steel and third to stirrups. All bars of
Grade 413 (60 ksi)
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Table 2.4 — Comparison of Design Provisions Speatl by US, Canadian, and Eurocode
Design Provisions

Code/Standard United States Canadian Eurocode
Methodology
Tabulated X X X
Simplified calculations X X X
Heat transmission X X X
Performance-based X

Design factors

Aggregate type X

% hr fire rating

¥ hr fire rating

Fire proofing (insulation) X

X4 | X | X| %

Restraint X

Four-sided exposure X

Spalling X

"Restraint is included implicitly

Table 2.5 — Fire Resistance Ratings (hrs) for 10D#22 and 12DT32+2 as per Different
Codes of Practice

Tabulated data
Code/standard United States Canadian Eurocode
10DT24+2 1Y 1% 1%
12DT32+2 1% 2 2
Simplified calculations
10DT24+2 1Y 1% 1%
12DT32+2 2 1Y% 1%
Heat Transmission

10DT24+2 1 1 1%
12DT32+2 1 1 1%
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Figure 2.1 — Details of Bridge Girder Tested by Wod's (1960) to Establish a Fire Rating
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Figure 2.2 — Details of T-beams Tested by Selvaggad Carlson (1963) to Study the Effect

of Restraint
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Figure 2.3 — Details of Concrete Joist Floor and Ri Assembly Tested by Abram et al.
(1971) to Evaluate Unexposed Surface Temperatures
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Figure 2.4 — Details of T-beam’s Tested by Abram «dl. (1971) to Compare the Unexposed

Slab Temperatures

(a) First Test Specimen
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Figure 2.5 - Details of Insulated T-beam’s TestedybAbram’s and Gustaferro’s (1972)
Study to Assess the Effect of Spray-applied Insulemn on Fire Ratings
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Figure 2.5 (cont'd) - Details of Insulated T-beam’sTested by Abram’s and Gustaferro’s
(1972) Study to Assess the Effect of Spray-appliédsulation on Fire Ratings

(c) 1 in. Vermiculite Acoustical Insulation Prote¢ed T-beam
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Figure 2.6 — Details of Continuous RC Beams Testday Lin et al. (1981) to Investigate the
Effects of Shear and Moment Redistribution on FirePerformance
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Figure 2.7 — Details of Continuous T-beam Tested hyin et al. (1981) to Investigate the
Effects of Shear and Moment Redistribution on FirePerformance
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Figure 2.8 — Cross-sectional Details of Double T-bens Tested by Franssen and Bruls
(2007) to Develop a Proprietary Fire Rating
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Figure 2.9 — Details of Double T-beams Tested by Aerson and Lauridsen (1999) to Study
the Effects of Fire Induced Spalling

(a) Cross-sectional Details
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Figure 2.10 — Variation of Thermal Conductivity of Concrete as Function of Temperature
according to Eurocode (2004) and ASCE (1992)
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Figure 2.11 — Variation of Thermal Capacity of Concete as a Function of Temperature
according to Eurocode (2004) and ASCE (1992)
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Figure 2.12 —Variation of Concrete Stress-Strain Curves aa Function of Temperature
according to Eurocode (2004) and ASCE (1992)
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Figure 2.13 — Variation of Elastic Modulus of Concete as a Function of Temperature
according to Eurocode (2004) and ASCE (1992)
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Figure 2.14 — Variation of Concrete Compressive Séngth as a Function of Temperature
according to Eurocode (2004) and ASCE (1992)
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Figure 2.15 — Variation of Concrete Tensile Strengt as a Function of Temperature
according to Eurocode (2004)
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Figure 2.16 — Variation of Concrete Thermal Expangin as a Function of Temperature

according to Eurocode (2004) and ASCE (1992)
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Figure 2.17 — Variation of Prestressing Steel StresStrain Curves as a Function of
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Figure 2.18 — Variation of Mild Reinforcing Steel $ress-Strain Curves as a Function of
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Figure 2.19 — Variation of Mild Reinforcing and Prestressing Steel Ultimate Strength as a
Function of Temperature according to Eurocode (2004 PCI (2004), and ASCE (1992)
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Figure 2.20 — Variation of Mild Reinforcing and Prestressing Steel Yield Strength as a
Function of Temperature according to Eurocode (200dand ASCE (1992)
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Figure 2.21 — Variation of Mild Reinforcing and Prestressing Steel Elastic Modulus as a
Function of Temperature according to Eurocode (200dand ASCE (1992)
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Figure 2.22 — Variation of Mild Reinforcing and Prestressing Steel Thermal Elongation as
a Function of Temperature according to ASCE (1992and Eurocode (2004)
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Chapter 3

3. Numerical Model

3.1. General

In this chapter, details of SAFIR, the finite-eletheeomputer program utilized to carry out
numerical studies on precast/prestressed concRRE)( double T-beams, is presented. The
chapter begins with a discussion on the rationalertd why SAFIR was selected to perform the
fire resistance analysis. Next, a brief overvieMSAFIR is presented, followed by a detailed
description of the general analysis procedure. o Atbe specifics of both the thermal and
structural analysis procedures are highlightedyweal as the material properties used in each
analysis. A summary of SAFIR’s software features mentioned and the findings of the

sensitivity analysis to investigate the influendeneesh density and element length on the
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accuracy of thermal and structural models are pexi At the conclusion of this chapter two

separate studies are presented to validate thelmodé¢he information is summarized.

3.2. Selection of Computer Model

SAFIR, a special-purpose, finite-element prograrms s@ected to perform the numerical studies
for this research. The reason why SAFIR (2004) selscted, rather than other commercially
available finite-element software packages, suchARSYS (2011) or ABAQUS (2011), is
because this program has been developed for tleepswpose of modeling structures in fire.
Although, these other highly sophisticated progranesmore than capable of achieving the same
goal, they can require a significant amount of effo develop a working model, as well as to
validate the model. In contrast, SAFIR has beel wvadidated for modeling the fire response of
numerous types of members and materials. Furthrerntibe program has reached a level of
refinement where even the subtle nuances thatrneegaars of experience are already accounted
for in the model. In addition, SAFIR offers theneenience of a library of predefined high
temperature material models and fire curves. sk, dimits the number structural element to only
the most relevant elements required to model tipesyof structures encountered in civil

applications.

3.3. Computer Program SAFIR

As mentioned, numerical studies of PPC double THseare carried out using a special-purpose
finite-element computer program SAFIR (2004), depeld at the University of Liege in

Belgium, which is capable of predicting the firepense of structural systems. This software is
well validated for evaluating fire resistance oféedtand RC members. However, SAFIR is
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utilized to assess the fire resistance of PPC mesribea limited way (Franssen and Bruls 1997
and Franssen 1993). In this computer program,fiteeresistance of a structural system is
analyzed through a two-fold thermo-mechanical aislyFor thermal analysis, the cross-section
is discretized into triangular and quadrilaterdicselements in 2-dimensions or prismatic (6 or 8
nodes) elements in 3-dimensions. For structuralyars, the member is discretized into truss,
beam, frame, shell, or prismatic beam elements &éments can be discretized into irregular-
shaped cross-sections with multiple materials. Areyexposure (design or standard) scenario
can be incorporated in the analysis by providinguant time—temperature data. In the analysis
the computer program accounts for high-temperatagerial properties, large displacements,

both heating and cooling phases of a fire, torsaml, residual stresses.

3.3.1. General Analysis Procedure

The thermal mechanical analysis utilized in SAR$Based on a time-step approach. Figure 3.1
illustrates a flowchart of the iterative step-bggsprocedure utilized in SAFIR. At the beginning

of every analysis and iteration, the exposure teatpees are calculated based on the time-
temperature relationship. These exposure tempegtue then applied to the thermal model as
boundary conditions. Next, the thermal analysisperformed based on the exposure

temperature, residual temperature, and high terpertghermal properties to determine the new
temperatures within the structure. The temperatesealts from the thermal analysis are then

used in the structural analysis to evaluate thep&gature reduced mechanical properties for the
structural model. Based on the structural modeksthanical properties, support conditions, and
applied loading a structural analysis is undertakesvaluate the stresses, strains, internal fprces

and deflections of the structure. At the end oérgwviteration failure is checked. If failure
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occurs, then the analysis procedure ends, if mitloes not occur another iteration begins and

analysis procedure repeats itself.

3.3.2. Thermal Analysis

The thermal analysis model used in the numericaliss is based on fundamental heat transfer
principles to generate temperature profiles withitwo/three-dimensional nonlinear geometric
cross-section. The PPC beams’ cross-section iseleddas composed of three different
materials (concrete topping, member, and steeltnesssng strands) and discretized into
triangular and quadrilateral solid elements, assithted in Figure 3.2. The Eurocode
temperature-dependent thermal properties (therroatuctivity, specific heat, density, and
thermal expansion) of concrete, prestressing séeel, mild reinforcing steel are built into the
program and as an illustration are reproducedamgbpendix C. In thermal calculations, energy
required to evaporate moisture within the concreteonsidered, but the effect of fire-induced

spalling that occurs in concrete is neglected.

3.3.3. Structural Analysis

The structural analysis model utilizes large déitectheory for tracing the mechanical response
under fire conditions. The thermal analysis i&éid to structural analysis by assuming that each
triangular or quadrilateral element formed in thertnal analysis is represented as a fiber-based
beam element. Each fiber is assigned a nonlinmapérature-dependent material property
(Poisson’s ratio, compressive strength, tensilengfth, elastic modulus, and yield strength) in
accordance with Eurocode 2 (2004) and is constangahe length of the beam element. The
material properties incorporated in the model agpraduced in the Appendix C. The
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culmination of these fibers determine the stiffnedsthe beam elements and mechanical
response at a given time step. Therefore, fovangiime increment, the temperatures of all the
fibers are generated from the thermal analysisudiided in the structural analysis to estimate
the reduction in strength and stiffness of thanbetement.

For the analysis of a PPC beam, the discretizasianseries (single line) of beam elements, as
illustrated in Figure 3.3. Each beam elementagditwo integration points to assess the internal
forces resulting from the applied loading. For @iming restraint effects, a truss element is
incorporated and various degrees of restraintiamalated by modifying the cross-sectional area
of the member. The output parameters at eachgiageinclude temperatures, support reactions,
internal forces, and longitudinal and midspan deitms. Failure is defined as a loss of stiffness
in the member or when the material strains are exke which typically corresponds to the
strength limit state. The Newton—Raphson proceduapplied to solve the system of nonlinear
equations. Although the structural model has nomerdvantages, it cannot account for shear
effects, fire-induced spalling in concrete, andddegradation between prestressing strands and

concrete.

3.3.4. Material Models

As mentioned, the material properties incorporatetdoth the thermal and structural analysis
model are based on Eurocode 2 (2004). The embpnetationships and material models are
reproduced in the Appendix C. The specific behagfeeach these material properties has been

discussed in detail in Chapter 2.
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3.3.5. Software Features

SAFIR has numerous software features and its dpeescare continuously adding new features
to the programs’ repertoire. To mention a few, SAlprovides the user with a easy to use
graphical user interface pre-processor (dependingtype of section) and post-processor
allowing the user to visualize the models geometperature isotherms, internal forces, and
deflections, graphically. It also offers the usiee option of matrix optimization, a feature that
shortens the time required for analysis by renumbethe system of equations in a more
efficient manner. Another feature is the optioniriclude master-slave relations by imposing
identical displacements and temperatures betwedesno SAFIR is also capable of torsional
analysis, dynamic analysis for the local failurex@mbers, and 3D thermal analysis. It also has

the ability to model composite members.

3.4. Sensitivity Analysis

In a finite element model, the level of refinemersed to discretize the model influences the
accuracy of the results. In general, the finerdiseretization, more accurate the results will be.
Therefore, to assure an acceptable level of acgusden assessing the fire resistance of PPC
Beams in SAFIR, a sensitivity analysis was undenmato study the influence of mesh density
and element length in thermal and structural aealysespectively. The study consisted of
developing three models for each type of analy3is.investigate the influence of mesh density
in the thermal analysis, a base model was disecttinder the premise that a single quadrilateral
element would represent one prestressing strantehthe dimensions for the square element
were derived from the strands cross-sectional afidee discretization utilized for the remaining

elements were of similar size and proportion. ésthe other two models, they were developed
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by either decreasing or increasing the mesh dehgity factor of two. Figure 3.4 illustrates the
three cases considered and are labeled as IdllJlanThe first case, model I, corresponds to the
model with the coarsest mesh, while model 11l Hesfinest mesh. To investigate the influence
of element length in the structural analysis, thgival model was discretized into twenty 0.61
m (2 ft) long elements (model 1l). Similarly, twoore models were discretized, one with ten
1.22 m (4 ft) (model I) and another with forty 0.80 (1 ft) long elements (model Ill). The
following discussion presents the finding of thasgvity analysis.

Figure 3.5 illustrates strand and average slab ¢eatpre results from the three thermal models
(I, 1, and 1ll). The strand temperatures are blase the lowest strand and were arbitrarily
selected for the purpose of comparison. The resaiteal that a finer mesh density produces
higher temperatures. When comparing the resuéisatterage percent difference between the
models range from 0.6 to 2.0% for the strand teatpees and 0.9 to 4.4% for the average slab
temperatures. The greatest difference observedbsbdgseen model | and Ill. The largest
difference in individual data occurs within thesfi”0 minutes for the strand temperatures and
between 20 and 50 minutes for the average slabaeatyses with a maximum percent difference
ranging from 7.9 to 27.3% and 4.3 to 19.6%, respelgt Based on these results it evident that
model | produces the least accurate results. Asdee Il and Il the results are nearly identical,
excluding the difference of 7.9% that occurs earlyin the fire and is short lived.

Figure 3.6 shows the midspan deflections for theetlstructural models developed to investigate
the influence of beam length on fire resistancd®BC beams. As mentioned previously, the
longest elements are utilized in model | and slsbréements in model Ill. In general, the three
models correlate well with one another until théled#ions begin to increase significantly at

approximately 50 minutes, just prior to failure.heTaverage percent difference between the
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deflections for each model range from 0.3 to 7.2hen comparing failure times, model | fails
first at 53 minutes with corresponding deflectidr@46 m (-18.2 in.). Models Il and Il fail at
56 and 57 minutes with corresponding deflectionsldf2 m (-44.3 in.) and -1.39 m (-54.9 in.),
respectively. These results indicate that modablides the least accuracy, while only minor
variations exist between models Il and Ill. Basedthe findings of the sensitivity analysis,
model 1l will be used as the basis for discret@atof the thermal and structural models used in

the parametric study to investigate the factorsitifauence the fire resistance of PPC beams.

3.5. Model Validation

The numerical model, SAFIR (2004), was validatedcbynparing predictions from the model
with measured data from fire tests on two PPC doublbeams. There is very limited
experimental data on fire performance of PPC doiibbeams. Due to lack of comprehensive
test data (such as temperatures and deflectiongnfpone tested beam, test data from the first
beam was utilized to compare the predicted unexpsisd temperatures, while the data from the
second beam was utilized to compare strand tempesaand deflections.

The first beam selected for validation is a PPC biuT-beam tested at Underwriter's
Laboratories (UL) (1996) to establish proprietarg fatings under ASTM E119 (2008) standard
fire exposure. The cross-sectional details otéiséed beam are shown in Figure 3.7. In the tests
failure occurred when the unexposed surface termtyeraxceeded the limiting temperature
criterion, which is 181°C (325°F). Results fromeftests were used to generate fire ratings of
30, 60, 90, 120, and 180 minutes by increasingstale thicknesses) from 51, 76, 102, 121,
and 152 mm (2, 3, 4, 4%, and 6 in.). This beam avadyzed using SAFIR with various slab

thicknesses. For the analysis, a normal weightre®@ comprising carbonate aggregate with a
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moisture content of 3% by weight was assumed. Heéghperature properties, as specified in
Eurocode, are used in the analysis. These prepeatie similar to those in ASCE manual of
practice and are reproduced in Appendix C.

The unexposed slab temperatures predicted by SAFRlotted in Figure 3.8 as a function of
fire exposure time for varying slab thicknessedsoAplotted in the figure is the limiting heat
transmission temperature of 181°C (325°F). Ircalles the temperatures in the unexposed side
of the slab initially rises slowly in a linear fash until all of the free moisture has completely
evaporated. After this point, the temperaturessiase at a higher rate and follow a similar trend
as that of ASTM E119 fire curve. These temperatigeds reveal that a thicker slab delays the
temperature rise in the unexposed slab’s surfaaa #h thinner slab. Figure 3.9 shows a
comparison of predicted fire resistance ratingshwitat of UL listed ratings for beams with
different slab thicknesses. The predicted firésteace values are close to UL listed ratings over
the entire range with the data points lying witiid%. These comparisons indicate that the
unexposed slab temperatures can be predicted adagowell with SAFIR if relevant high
temperature thermal properties (concrete type, tin@scontent, and density) are accounted for
in the analysis.

The second beam selected for validation was thetested by Gustaferro et §1.962) to study
the response of a simply supported PPC double mhealer ASTM E119 (2008) fire exposure.
In the test a uniform live load of 4.8 KN?r(iLOO psf) was applied over the 6.1 m (20 ft) spfin
the beam whose cross-section is shown in Figur@. 3A summary of test data namely, strand
temperatures, midspan deflections, and fire resistéime, is listed in Table 3.1. This beam was
analyzed using SAFIR computer program. In the yaslthe moisture content within the

concrete was assumed to be 3% by weight. Thedstemperatures generated from SAFIR

71



analysis are plotted in Figure 3.11, where stradsnd 1 correspond to the strand with the
greatest and least concrete cover, respectivalyll strands the temperatures gradually increase,
with temperatures in strand 1 rising more rapidlignt strand 5. Also, shown in Figure 34dré

the minimum, average, and maximum strand tempersiairfailure as measured in the test. The
results indicate a strong correlation between treeh and test data, with average strand
temperatures falling within 9% of each other. Tiféerence in the strand temperatures can be
attributed to variation of the concrete moisturateat and thermal properties of concrete used in
the analysis. These values had to be assumed badeekt guess estimates, since they are not
provided in the test report.

The predicted midspan deflections are compared mi#asured deflections from the test in
Figure 3.12. The deflections gradually decreast wime up to about 40 minutes due to
deterioration of the members’ stiffness. Aftermdhutes, the measured deflections increase at a
faster rate compared to predicted deflections. sTéan be primarily attributed to faster
degradation of strength and also to the fact tigdt temperature creep plays significant role and
the model accounts for only part of this creep.e Tnedicted deflections are within 24% of
measured values and this kind of variation is natommon in fire resistance analysis. The
failure times (fire resistance) match well with prd difference of 4 minutes. The strand
temperature, midspan deflection and failure timsults indicate that SAFIR is capable of

reasonably predicting thermal and structural respari PPC beams exposed to fire.

3.6. Summary

This chapter provided a comprehensive explanatidheofinite element analysis program

SAFIR used in the numerical studies of chapter gréalict the fire response of PPC double T-
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beams. It began with a discussion describingmatebehind the selection of the program,
compared to other commercially available prograiext, an overview of the program and
general analysis procedure was presented, folldwyeaddetailed description of the thermo-
mechanical analysis. A number of the programa\so# features were also highlighted. Based
on the sensitivity analysis, the level of refineienbe used in the finite element models to
produce accurate results was established. Towdathe chapter, the findings of the two PPC
double T-beams used to validate the model wereepted. These studies revealed, the
temperatures, deflections, and fire resistancestipnedicted with SAFIR show a strong

correlation with the results of real fire tests.
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Table 3.1 — Summary of Results from Fire ResistancBest on Simply Supported PPC
Beam.

Time (minutes) 30 45 62 Strand temperatures €C)

Midspan deflection (mm) 58 124 381 Minimum Average Maximum

Fire endurance (minutes) 62 366 521 632

Source: Gustaferro et al. October 1962. Note: 5.4 mm; T{C) = 5/9*(T(°F) - 32).

Figure 3.1 — Overview of SAFIR’s General Analysis Pcedure
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Figure 3.2 — 10DT24+2 Thermal Model for TemperaturéAnalysis of PPC T-beam. For
interpretation of the references to color in this ad all other figures, the reader is referred

to the electronic version of this thesis.
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Figure 3.4 — Thermal Model I, II, and Ill for Temperature Analysis of PPC T-beam.
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Figure 3.5 — Variation of Strand and Average Slab €mperatures as a Function of Time for
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Figure 3.7 — Cross-sectional Details of the Beam 3wed by UL for Establishing Fire
Ratings
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Figure 3.8 — Unexposed Slab Temperatures as a Fuiost of Time for Various Slab
Thickness for UL Beam
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Figure 3.9 — Comparison of Predicted Fire Resistarc(SAFIR) with Measured Test Data.
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Figure 3.10 — Cross-sectional details of Gusaferret. al. Beam used in Validation Study.
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Figure 3.11 —Variation of Strand Temperature as a Function of Tme for Gustaferro et al.

PPC beam.
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Figure 3.12 —Comparison of Predicted Midspan Deflections wittTest Data for Gustaferro
et al. PPC Beam.
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Chapter 4

4. Parametric Studies

4.1. General

To study the influence of various factors on the fiesponse of precast/prestressed concrete
(PPC) double T-beams, a parametric study was daaig using SAFIR. For the study, two
cross-sections, namely 10DT24+2 and 12DT32+2, aelected from the PCI Design Handbook
(2004). The sections were selected to represetypi@al PPC beam found in a parking
garage/building structure. The factors considaredhe parametric study are fire scenario,
concrete compressive strength, axial restraing logensity, aggregate type, and failure criteria.
Results from the SAFIR analysis were applied touate failure and the time to failure was

taken as fire resistance. For all parameters, ptxataen the failure criterion was the focus,
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flexural strength limit state was applied to deffadure. The following sections present the
analysis details of the parametric study and intdeliscussion on the various effects of each

parameter on the fire resistance of PPC beams.

4.2. Analysis Details

4.2.1. Beams

As mentioned, the two cross-sections selectednparametric study were taken from the PCI
Design Handbook (2004) were a 10DT24+2 and 12DT3®4th spans 12.2 and 15.2 m (40 and
50 ft), respectively. The elevation and crossieael details of the 10DT24+2 and 12DT32+2
are shown in Figures 4.1 and 4.2, respectivelye 3éctional and material properties for both
members are tabulated in Table 4.1. As illustraweBigure 4.1, and can be deduced from the
sections’ name, 10DT24+2 is a 3.048 m (10 ft) widable T-beam with a 610 mm (24 in.) deep
precast section topped with additional 51 mm (2 afi.concrete. Likewise, the 12DT32+2 is a
3.658 m (12 ft) wide double T-beam with a 813 mr {i8.) deep precast section topped with
additional 51 mm (2 in.) of concrete. Both bearabshssemblies (including the topping) were
assumed to be fabricated with normal weight coeccemposed of carbonate aggregate having a
compressive strength of 40 MPa (5.8 ksi), excludirgstudies where aggregate type or concrete
compressive strength were under consideration.

Per PCI's nomenclature, an 88-S and 128-S stratiérpawas used for the 10DT24+2 and
12DT32+2 PPC beams, respectively. In other woBl¢4 per stem) and 12 (6 per stem)
prestressing strands with a straight profile wei@iporated in the 10DT24+2 and 12DT32+2
PPC beams, respectively. The diameter of thenesessng strands for both the PPC beams were

a special, 13 mm (1/2 in.) diameter, 1,860 MPa @&ipgrade, low-relaxation cold-drawn steel.
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Each prestressing strand was assumed to be striesdeti’2 MPa (170 ksi) to account for the
initial jacking force (0.754£ where §, is the ultimate tensile strength of strand) andimum
stress loss 207 MPa (30 ksi) as per the provisspesified in PCI Design Handbook (2004) to
account for all losses.

The 10DT24+2 and 12DT32+2 PPC beams were subjext@diniformly distributed live load of
2.4 kPa (50 psf). This load was selected in acare with the ASCE 7-05 (2005) design loads
for a parking garage/building. The uniformly distted dead load for each beam was
comprised only of the self weight of concrete aattulated to be 3.4 and 4.1 kPa (72 and 85
psf) for the 10DT24+2 and 12DT32+2 PPC beams, wsety. The loads were evaluated
based on a load combination of U = 1.2D + 0.5L urfgle conditions. The loading resulted in
load ratios 37% and 41% for the 10DT24+2 and 12BP32espectively. See Appendix D for

the load ratio calculations.

4.2.2. SAFIR Models

In this section, the specifics (discretization, bdary conditions, and pertinent assumptions)
regarding the SAFIR models used to predict firgpoese of 10DT24+2 and 12DT32+2 PPC
beams for the parametric study are divulged. Téeerl procedure used to perform the
thermal-structural analysis in SAFIR is as desctibe Chapter 3. In addition, the level of

refinement for the discretization of these modsglbased on the finding s of sensitivity analysis,
which is also presented in Chapter 3. Below, isriaf overview of thermal and structural

analysis models, including the underlying assunmstialeveloped to capture the fire response of

the PPC beams in the parametric study.
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In the thermal model, the PPC beams’ cross-sedsionodeled with three different materials
(concrete topping, member, and steel prestressmgds) and discretized into triangular and
guadrilateral solid elements, as illustrated fobTQ4+2 PPC beam in Figure 3.2 of Chapter 3.
A total of 712 elements and 822 nodes were useth#bd 0DT24+2 thermal analysis and 1078
elements and 1209 nodes were used to discretiz&2Bd32+2 thermal model. A concrete
moisture content of 1% by weight was assumed fernbrmal weight concrete comprised of
carbonate aggregates. Three-sided fire exposuseutilezed for every fire scenario considered
to emulate a PPC beam that is placed side-by-sitheother beams in a structure that is exposed
to a burning fire from below. Therefore, the boarydconditions for the thermal model are
based on ambient temperatures at the top and sitlecas of the top slab, while the remaining
surfaces were subjected to a constant uniform testyre distribution based on the time-
temperature relationship.

The structural models for 10DT24+2 and 12DT32+2 PlR&ms were discretized into 20 beam
elements, each with two integration points, forotalt of 41 nodes. The PPC beams were
modeled as simply supported, with a pin suppornttiged and horizontal translations restrained)
at one end and a roller support (vertical transhetirestrained) at the other end. In addition to
these boundary conditions, when investigating tifiénce of axial restraint, a truss element
was introduced into the analysis to provide vagadtial restraint. It was assumed the concrete
topping and member act monolithically, based on #ssumption that adequate shear
reinforcement is provided to tie the topping to thember. A residual stress is applied in the
thermal model to include the effects of prestragsivhich is translated into the structural model

through longitudinal strains based on a fiber baggatoach.
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4.2.3. High Temperature Material Properties

For the analysis, high temperature properties otie and prestressing steel, per Eurocode 2
(2004), are used. These constitutive material nsoae preprogrammed into SAFIR. Details
regarding the nature of these properties are preden chapter 2 where in-depth discussion is
provided on each individual material property. dddition, Appendix C provides empirical
relationships for each material property and Appe provides an illustration of the thermal
(thermal conductivity, specific heat, density, ahdrmal expansion) and mechanical properties

for both materials accounted for in the paramesuacly.

4.2.4. Failure Criteria

Results from the SAFIR analysis were applied toluata failure and the time to failure was
taken as fire resistance. For all parameters, pgxaden the failure criterion is the focus,
flexural strength limit state was applied to deffadure. This limit state was selected for the
parametric study because it represents the mosapl® and realistic failure mode for a PPC
beam. No consideration was given to shear failasdt assumed this failure mode is unlikely if
adequate shear reinforcement is provided. A sumwiathe fire resistance times is provided in
Table 4.2. Also included in this table are the fiesistance times from the prescriptive-based
failure limit states, heat transmission (unexposkdb surface temperature) and critical strand

temperatures, determined for the failure critedeameter.
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4.3. Factors Governing Fire Resistance

The literature review identified the critical facdathat govern the fire resistance of PPC beams
are fire scenario, concrete compressive strengila) eestraint, load intensity, aggregate type,
and failure criteria. Based on these factors dm @assumptions mentioned above, a set of
numerical studies were carried out using SAFIRitds the influence of each of these factors on
the fire resistance of PPC beams. The followingtiges present in-depth discussion on the

various effects of each parameter on the fire taste of PPC beams.

4.3.1. Effect of Fire Scenario

The effect of varying the fire scenario on fire iséence was evaluated by subjecting the
10DT24+2 and 12DT32+2 PPC beams to five differémnat $cenarios. Figure 4.3 shows two
standard fires (ASTM E119 (2008) and ASTM E15299@9hydrocarbon fire) and three
parametric (design) fires used in the analysise durrent provisions for fire ratings are based on
fire tests carried out under ASTM E119 (or ISO 88 exposure. There are many drawbacks
with this standard fire exposure including the latka decay (cooling) phase.

In order to develop a wide range of realistic fs@enarios for the analysis, three additional
parametric time—temperature relationships were rgée@ through the guidelines provided in
Eurocode 1 (2002). The fire scenario in a roona ifunction of fuel load and ventilation
characteristics of a compartment. For generatirgge design fires, ventilation factors 0.03,
0.05, and 0.07 /? (0.05, 0.09, and 0.13") and fuel loads 125, 200, and 400 M3/th1,007,
17,611, and 35,222 Btufjt respectively, were assumed. The three diffetases were selected
to represent mild, medium, and severe fires, rég@dg. The medium and severe fires were
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selected to simulate a typical fire resulting froine burning of a passenger car in a parking
garage. Typically, once a passenger car ignites parking garage, the fire rapidly grows to
high temperatures due to the unlimited ventilatiavailable in such an open structure.
Therefore, the medium and severe fires were dewdloyth rapidly rising temperatures which
are greater than the ASTM E119 fire until the lingtfuel load causes the fire to die down. In
contrast, the mild fire was selected to represantreor fire, similar to a small compartment fire
in a building. Literature (Feasey and Buchana®220ndicates that the temperatures predicted
by Eurocode design equations are slightly lowem thealistic fires with similar fuel and
ventilation conditions. Thus, a minor adjustmeaswnade to the design equation to increase the
temperature predictions (Feasey and Buchanan, 200P)ese types of time—temperature
scenarios can also be generated using a similaoagp specified in a recently published SFPE
Engineering Standard (2011).

The strand and unexposed slab temperatures predigtSAFIR thermal analysis are plotted in
Figure 4.4 for the 12DT32+2 PPC beam for diffefe@etscenarios. Also shown in the figure are
the limiting strand and slab temperatures, as piestin ASTM E119 (2008). The strand and
slab temperature results follow similar trendshesactual fire scenarios. Initially, the strand and
slab temperatures maintain a constant temperatiuileapproximately 10 min into the fire due to
effect of moisture. At this point in time, the drenoisture has completely evaporated in the
concrete surrounding the strands and the strangetextures begin to rapidly rise analogously to
its respective fire scenario. In contrast, thé stéamperatures rise much slower in a linear fashion
until approximately 70-80 min, depending on the Bcenario. This difference in temperature
results is mainly due to the slabs’ concrete matsning more free moisture, thus prolonging its

insulating effect. Once all the free moisture leaaporated in the slab, the unexposed slab
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temperatures begin to follow a comparable trench wéspect to its fire scenario, but these
temperature results are much lower when comparéldeteemperatures in the strands. As the
fire scenarios progress with time, a greater déffiee in temperature results can be seen. Neither
the ASTM E1529 or E119 standard fire exposuresutiela decay phase; so the temperatures
continue to rise throughout the duration of the.filn contrast, the three design fire scenarios
incorporate a decay phase and lead to a reducti@trand temperatures after about 120 min.
Similar results can be seen in the slab tempergtimet the decay phase has less influence
because of the concrete mass and exposure bounda@ieth the strand and slab temperature
results indicate a significant difference in tengteres as a result of the decay phase. The
greatest difference in temperature is apparent tneelecay phase becomes a factor, especially
with regards to the strand temperatures. Thesdtsemdicate that fire scenario has a major
impact on the strand and slab temperatures in ad®ile T-beam.

To further illustrate the effect of fire scenarim structural response, mid-span deflections
predicted by SAFIR are plotted in Figure 4.5. Thigl-span deflections for all fire scenarios
follow a similar trend. Initially, the deflectionor all fire scenarios, except ASTM E1529,
remain constant during the first 5 min of exposoeeause the temperature increase within the
cross-section is minimal. In the early stagesreféxposure, the beams camber upward and this
is a direct result of relatively light loading artrease in temperatures within the concrete
surrounding the strands. More specifically, astdmperatures rise, the concrete expands in the
longitudinal direction, but the steel prestresssitands expand at a slower rate due to the
reduction of temperatures near the center of #m.stThis gradient of expansive forces induces
a compressive force by the prestressing strandsleadt to the exaggeration of the initial

camber resulting from the light loading. A similaend can be seen in the ASTM E1529 fire
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scenario, but this behavior begins at the earlgestaof fire exposure due to rapid rise in fire
temperatures. The deflections turn negative atsut 40 min, which can be attributed to
substantial loss of stiffness of the beam due decemsing temperatures, particularly in strands.
The sagging of the PPC beam is further amplifiest prior to failure, mainly due to high
temperature creep. The deflection response irelictiiat fire scenario plays a key role in the
structural behavior of a PPC double T-beam. A mseV¥ee exposure, such as the ASTME
E1529, leads to larger positive deflections thatuoanuch sooner when compared to a less
severe fire exposure.

The effect of fire scenario on fire resistanceatsulated in Table 4.2. The derived fire resistance
is based on a strength failure criterion. For1B®T24+2, fire resistance times are 61, 43, 56,
61, and 68 min for the ASTM E119, ASTM E1529, seyenedium, and mild fires, respectively.
The corresponding fire resistance times for the 22> 2 are 85, 64, 79, 84, and 96 min. These
results indicate that PPC beams fail sooner undepi@ severe fire, such as ASTM E1529 or
severe design fire, rather than a moderate firae @f the main reasons for attaining higher fire
resistance under mild fires is the presence ofcaylphase.

Results from the analysis indicate that fire scen&aas a significant influence on the fire
resistance of PPC double T-beams. ThereforeP®P@ beam is designed under the prescriptive
approach and the ASTM E119 fire scenario does emiesent the actual fire exposure, namely
the severity or lack of a decay phase, then thenbway be over- or under-designed based on the
actual fuel loads and ventilation conditions présetnrealistic fire scenarios can limit the
designer to costly and conservative designs, wibh consideration for new and creative

alternatives.
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4.3.2. Effect of Concrete Compressive Strength

The effect of concrete compressive strength @h the fire performance was investigated by
analyzing two PPC beams with compressive strendgfhss5, 70 MPa (5.8, 8, and 10.2 ksi)
under an ASTM E119 (2008) standard fire. The cetecstrengths were selected to represent a
normal, intermediate, and HSC. Figure 4.6 illussathe variation of mid-span deflection of
12DT32+2 for all three concrete strengths. Theleddbn patterns for all three concrete
strengths are nearly identical with deflectiondiatly increasing until the strands begin to
gradually lose their stiffness leading to excessagging, and hence failure. These results
indicate that concrete compressive strength hide ilitfluence on the fire resistance, with failure
times approximately 61 and 85 min for the 10DT24hd 12DT32+2, respectively. It should be
noted that in this analysis, fire-induced spallisgnot taken into consideration as SAFIR cannot
handle this phenomenon. A few studies, (Malho®84land Phan 1996) have indicated that
higher strength concretes might be susceptiblgp&tlisg, especially under conditions such as

rapidly rising fire intensity or high moisture cent.

4.3.3. Effect of Restraint

According to the PCI Design Handbook (2004), PPQ@btk T-beams are considered to be
restrained when “potential thermal expansion offtber or roof system is resisted by framing
systems or the adjoining floor or roof constructiomo model the effect of axial restraint levels,
a truss element was introduced in the analysigurEi4.7(a) shows a generic schematic of the

modified structural model. The truss element isnded to act as a spring with an axial stiffness
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. Variable stiffness was applied through altering cross-sectional area of the truss

element, since the elastic modulus and length anstant. Various degrees of stiffness were
simulated to determine the effect of restraint loa fire performance of PPC double T-beams.
To quantify intermediate degrees of stiffness, aswecessary to establish a ‘quasi’ 100% axial
stiffness. This upper limit can be visualized iagilar to a pin—pin support condition. Although,
the truss element cannot completely provide fuidlestraint, this idealization is more realistic
because no structure can provide infinite restraint

The effect of axial restraint on the fire perforroarof PPC double T-beams is evaluated through
applying 0, 25, 50, 75, and 100% axial restraiféble 4.2 presents fire resistance times of the
10DT24+2 and 12DT32+2 beams. Results from analgsi€ate that axial restraint increases
the fire resistance of a PPC beam and the appicati restraint improved fire resistance up to
6% and 10% for beams 10DT24+2 and 12DT32+2, resedet This improvement results from
the development of fire-induced axial forces dugh® restraint offered by the support. The
resultant axial force is eccentric to the beamsteeof gravity (CG) as shown in Figure 4.7(b);
hence a thermally induced moment is created. Ttrerethe fire-induced restraint (moment)
enhances the fire resistance by compensating édo#s of strength of the prestressing strand.
To illustrate the development of the axial restrdine axial forces of the 12DT32+2 are plotted
against time in Figure 4.8(a). As the beam tréesxpand longitudinally, the fire-induced axial
forces increase rapidly until they plateau at theel of axial restraint provided. The axial force
eventually begins to decrease gradually as theadagfion of prestressing strands causes a shift
in the members’ CG downward. Once the CG fall®weahe location of the restraining force,
the axial restraint decreases the PPC beam’sédnfermance due to the reversal of moments. A

similar trend can also be seen from the mid-spdileac®n of the 10DT24+2 PPC beam shown
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in Figure 4.8(b). Notice how the deflection of taeial restrained beam shifts gradually from
positive to negative once the prestressing stréedgn to lose significant stiffness. However,
when the unrestrained beam starts to lose signifisiffness, there is no external effect to delay
its failure. Thus, axial restraint can improve ftine resistance of PPC beams.

The above results suggest axial restraint can ingpttee fire resistance of a PPC double T-beam.
However, it should be noted that these findingy oepresent a single type of support condition.
In reality, numerous support configurations aresgme in structural systems and this can
influence the vertical location of the restrainifogce and ultimately the fire performance of a
PPC beam. For instance, if the resultant restrgiforce is located at the deck of a PPC double
T-beam, the thermally induced moment can have ativegeffect and may lead to early failure.
Also, each building is unique and exhibits variastifness characteristics. Such factors are not
taken into consideration in the current approackvafiuating fire ratings. Another shortcoming
of the current prescriptive fire provisions is thek of a more specific definition to distinguish
the difference between flexural and axial restrdibeams. As reported in Dwaikat and Kodur
(2008), these two restraint conditions exhibit eliéint behaviors; the flexural restrained beams
benefit from the redistribution of moments, whilada restrained beams rely on the location and
magnitude of the restraining force. In order towately assess the effects of restraining forces
of a PPC beam, the type of restraint, support ¢mmdi(vertical location of support), and

stiffness should be considered on a case-by-case ba

4.3.4. Effect of Load Intensity

Previous studies (Gustaferro and Carlson 1962 ehdafgio and Carlson 1964) have shown

that load ratio has a significant influence on fiesistance of concrete members. The load ratio
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is defined as the ratio of the expected load efiectments) under fire conditions to the nominal
(flexural) capacity under ambient conditions.

The fire resistance analysis was carried out byesting the two PPC beams to three load ratios,
namely 30%, 50%, and 70%. Results plotted in EguB(a) and tabulated in Table 4.2 show
that fire resistance decreases with an increasiag tatio. The fire resistance times are 57, 54,
and 45 min for the 10DT24+2 and 81, 78, and 64 fointhe 12DT32+2, respectively. The
effect of load intensity on fire response is furtiistrated through a mid-span deflection plot
for the PPC beam 10DT24+2 in Figure 4.9(b). It barseen that the mid-span deflection of the
30% and 50% load ratio scenarios follow a simileendl to the previous results for an
unrestrained member, because the loading is vemfasi However, in the case of 70% load
ratio, no cambering effects are noticed and thenlsédeflections gradually decrease due to high
level of load. These results indicate that thel lim&ensity has a significant influence on the fire
performance of PPC double T-beams. In spite cdethieends, tabulated methods in codes and
standards prescribe fire ratings of a structuramier based on the sectional dimensions,
concrete cover, and aggregate type, with no coratide for load intensity. Therefore, if
tabulated approaches are utilized to prescribeearditing for highly loaded PPC beams, it may

not lead to realistic designs.

4.3.5. Effect of Aggregate Type

The aggregate type used in the concrete mix hasflalence on the fire resistance of concrete
members. The two most common aggregates usednoarate are siliceous and carbonate
aggregates. Siliceous aggregate mainly consiggsiartzite, granite, and basalt, while carbonate

aggregates are primarily composed of either limresstar dolomite. The fire resistance analysis
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is carried out by analyzing two PPC beams fabretétem siliceous and carbonate aggregate
concrete under standard fire exposure. Results floe analysis indicate that carbonate
aggregate concrete provides better fire resistdraesiliceous aggregate concrete. For instance,
the fire resistance of the 10DT24+2 increases f56no 61 min, while the 12DT32+2 beam fire
resistance increases from 71 to 81 min.

The effect of aggregate type on fire response & Bams is illustrated in Figure 4.10, which
shows the mid-span deflection as a function of tforea 12DT32+2 beam. For both types of
aggregates, the deflection initially increases lutite strands begin to gradually lose their
stiffness, leading to excessive sagging and thikuréa The deflections for a siliceous aggregate
concrete beam produce larger camber effects amdtteaagging much sooner, hence a lower
fire resistance. This difference in the beam’sawadr is primarily due to the variation in high
temperature properties of the two concrete typ€srbonate aggregate concrete has a much
higher heat capacity than siliceous aggregate eteicm the 650-700°C (1202-1292°F)
temperature range due to disassociation of doloasita result of an endothermic reaction. This
reaction results in very high heat capacity, abbdittimes higher than siliceous aggregate
concrete, and is beneficial to fire resistance addition, carbonate aggregate has slightly lower
thermal conductivity when compared to siliceousraggtes. Furthermore, carbonate aggregate
concrete has lower thermal elongation and betwstance to strength loss. These properties of
carbonate aggregates produce lower temperaturdsctaens, and greater fire resistance. Both
Eurocode and ASCE provisions recognize these diffsgs in properties, but in a different
manner. The Eurocode distinguishes these diffeenibrough mechanical properties, while

ASCE relies on the thermal properties to make tegndtion between the two aggregate types.
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Therefore, the effect of aggregates must be takendonsideration when designing for the fire

resistance of PPC beams.

4.3.6. Effect of Failure Criteria

ASTM E119 and other fire test standards specifgahimiting criteria, namely, strength, heat
transmission (unexposed slab surface temperatumed)critical strand temperatures for defining
the failure of PPC beams. While the critical sttamd unexposed slab temperatures represent
prescriptive failure limit states, the strengthitirstate represents a realistic failure condition.
These three failure criteria are applied to deteenthe fire resistance values of all analyzed PPC
beams and the results are tabulated in Table 4.2.

The fire resistance results for the different feelicriteria shown in Table 4.2 reveal that
prescriptive limit states generally predict loweee fresistance than actual failure conditions. For
instance, a lower fire resistance results for 10DA2 when the critical strand temperature
criterion is applied, while the heat transmissioitedon produces lower fire resistance in the
case of a 12DT32+2 PPC beam. The only exceptidhisogeneralization is when load ratios
equal to or greater than 50% are applied, at whiok the strength criterion produces a lower
fire resistance as can be seen from Table 4.2. reldre, fire resistance of PPC beams is
governed by prescriptive limit states, unless neddy large load levels are applied. The specific
prescriptive limit state is dependent on the budksof the beams’ cross-section, as can be seen
when an additional 13 to 25 mm (1/2 to 1 in.) oha®te cover thickness is provided to
prestressing strands of 12DT32+2, resulting in lol@eperatures in the prestressing strands and

consequently altering its failure criterion fronitical strand temperature to heat transmission.
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The lower fire resistance produced by the preseagtilure criteria, compared to actual failure
conditions, should raise the question whether dirnit states are viable considerations in
evaluating fire resistance of PPC beams. To addae aspect of this question, recall that the
intent of the heat transmission criterion is to main compartmentation within a structure. The
necessity to prevent spread of fire beyond theé @osnpartment indicates that this prescriptive
limit state is a viable consideration. However,ewhconsidering the viability of the critical
strand temperature limit state, it becomes cleat this simplified approach consistently
underestimates the fire resistance of PPC beamepewhen larger loads are applied, in which
case it dangerously results in an overestimatitimerefore, the critical strand temperature failure
criterion does not reflect a realistic limit staeded may lead to under-prediction of the fire

resistance of PPC beams.

4.4, Summary

Results from the parametric study revealed thaicatifactors that influence the fire resistance
of PPC beams are fire scenario, axial restrairtd level, aggregate type, and failure criteria.
Fire scenario proved to have significant influenodire resistance of PPC beams and depending
on the severity of a real fire, the ASTM E119 faeenario can lead to over- or under-designed
PPC beams. Axial restraint also has significafiué@mce on fire resistance of PPC beams and
the level of restraint is a function of type oftramt, support condition, and variable stiffness
offered by adjoining members. Load level provethe inversely proportional to fire resistance,
while aggregate type has only a moderate influemcethe fire resistance of PPC beams.
However, carbonate aggregates do provide higher rasistance than siliceous aggregate

concrete. Failure criteria revealed that PPC bearesoften governed by limiting strand
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temperatures for slender stems and heat transmigsiobulkier stems where adequate cover
thickness is provided. This parameter also idiexatithat critical strand temperature limit state
underestimates the actual failure of a PPC beatassitigh load levels are present and then it
would actually over-estimate the fire resistande.contrast to the other parameters, concrete
compressive strength proved to have little to neatfon fire resistance of PPC beams. In
conclusion, the parametric study provided insightthe fire resistance of PPC beams and
exemplified the necessity to move from a presarggbased approach to performance-based

approach to capture influence of fire scenaricstyait, and load level.
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Table 4.1 — Sectional Details and Material Properés of PPC Double T-beams 10DT24+2
and 12DT32+2 used in the Parametric Study.

Member Prestressing Strand

10DT24+2 12DT32+2 10DT24+2 12DT32+2
A (cmd) 4,445 6,310  f, (MPa) 1,862 1,862
| (cm’) 1,363,158 3,606,479 t__ (MPa) 1,172 1,172
) 511 648  Strand Pattern’ 88-S 128 -S
¥t (mm) 150 216 ys(mm) 127 178
S, (Mm) 26,711 57,584  Min. cover (mm) 44 21
S (mm°) 90,932 173,080 Topping
Wt (kN/m) 0.98 138t (MPa) 40 40
DL (kN/m?) 3.44 4,07  Span (m) 12.2 15.2
V/S (mm) 34 43
f ¢ (MPa) 40 40

T88-S refers to 8 - 12 mm (8/16 in.) diameter stsandh a Straight profile; 128-S refers 12 -
12 mm (8/16 in.) diameter strands with a Straigbfife.
Note: 1in. = 25.4 mm; 1 ft = 0.3048 m; 1 |b = 8844.
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Table 4.2 — Results from Fire Resistance Analysisid®PC Double T-beams.

Failure Criterion (minutes)

10DT24+2 12DT32+2

Strengih 1 Semp, SO fi S,

ASTM E119 61 78 57 85 81 82

ASTM E1529 43 64 40 64 66 61

Exgg:ure Severe 56 74 36 79 63 76

Medium 61 78 57 84 81 81

Mild 68 84 64 96 87 92

Conc. 40 61 78 57 85 81 82

Stcrgrr?gpth, 55 61 78 57 85 81 82

MPa 70 61 78 57 85 81 82

0 61 78 57 85 81 82

25 64 78 57 94 81 82

Restraint 50 65 78 57 94 81 82

75 65 78 57 95 81 82

100 65 78 57 95 81 82

30 65 78 57 96 81 82

R'E;t‘i);d% 50 54 78 57 78 81 82

70 45 78 57 64 81 82

Aggregate Siliceous 56 68 52 78 71 75

Type  cCarbonate 61 78 57 85 81 82
Note: 1 ksi = 6.89 MPa.
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Figure 4.1 — Elevation and Cross-sectional Detaitsf the 10DT24+2 PPC Double T-beam
used in the Parametric Study
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Figure 4.2 — Elevation and Cross-sectional Detaitsf the 12DT32+2 PPC Double T-beam
used in Parametric Study
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Figure 4.3 — Time-temperature Relationships for Vaious Fire Scenarios used in
Parametric Study

2192 1200
i i i i — =
1832 - 1000
L1472 | - 800
Py o
S =
= 1112 1 - 600 S
© | . S
e o> |} —e—AsTMELL9 400 €
kS S | —=—ASTM E1529 @
—&—Severe (FV13-2534)
—*—Medium (FV09-1267)
392 ——Mild (FV05-792) r 200
32 i I I 1 1 I O
0 40 80 120 160 200 240

Time (minutes)

Figure 4.4 — Variation of Strand and Slab Temperatutes as a Function of Time in PPC
Beam 12DT32+2
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Figure 4.5 — Midspan Deflection as a Function of Tme for PPC Beam 12DT32+2 under
Various Fires Scenarios
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Figure 4.6 — Midspan Deflection as a Function of Tme for PPC Beam 12DT32+2 with
different Concrete Strengths
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Figure 4.7 — ldealization of PPC Beam with Axial Rstraint End Condition
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Figure 4.8 — Effect of Axial Restraint on Fire Respnse of 12DT32+2 PPC Beam
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Figure 4.9 — Effect of Load Intensity on Fire Respase of 10DT24+2 PPC Beam
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Figure 4.10 — Effect of Aggregate Type on Midspan &lection of PPC Beam 12DT32+2
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Chapter 5

5. Performance-Based Approach

5.1. General

In recent years, there has been a strong pushebfjréhresearch community to move towards a
performance-based approach in fire safety provssiomattempt to overcome the shortcomings
of current prescriptive-based methods. Based enfitidings of the literature review and
parametric study presented in this thesis it isl@vi that the current approach does not account
for realistic fire scenarios, load level, restragmd failure criteria. These factors must be igive
due consideration to accurately predict the fisstance of a precast/prestressed concrete (PPC)
beam. Therefore, in effort to offer a rational acakt-effective approach, this chapter is
dedicated to scripting a detailed approach for ua#ag a performance-based approach for

assessing the fire resistance of PPC beams.
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5.2. Performance-Based Approach

The following performance-based approach is a maticalculation methodology that accounts
for the critical factors (i.e. fire scenario, axraistraint, load level, aggregate type, and failure
criteria) that influence fire resistance of PPCrbea This approach offers designers the
flexibility to create innovation through design,nstruction, and materials. It also holds the
potential to generate equal, if not improved fiadety than the current approach and maximizes
the benefit/cost ratio potential. All of these adtages can be achieved through applying the
following steps for evaluating fire resistance é&fPbeams. The steps associated with the fire
resistance assessment include:

1. Develop design fire and loading scenarios.

2. Select relevant high-temperature material propertie

3. Perform detailed thermal and structural analysigetoerate fire response.

4. Apply relevant failure criteria.

5. Develop practical alternatives, as needed, to aehiequired fire resistance.

5.2.1. Fire Scenario

To develop relevant fire scenarios for a compartmire, parametric time—temperature
relationships provided in Eurocode 1 (2002), by EFRP011), or design tables specified in the
literature (Magnusson and Thelandersson 1970) eamsbd. For using these relationships, fuel
load and ventilation characteristics are prescribe@stimated as input parameters. The fuel
load can either be calculated based on fuel caonitecitiding wall and ceiling linings, or can be
found directly from design tables in the literatir@sed on compartment type (Parkinson and
Kodur 2007). Likewise, the ventilation factor che determined from the layout of windows
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and door openings (Feasey and Buchanan 2002) eFigl# illustrates three design fires
developed under the Eurocode provisions which wesed on fuel loads and ventilation factors

selected to represent mild, medium and severe fires

5.2.2. Loading Scenario

The loading scenario selected for fire resistaraleutations in a performance-based approach
should reflect realistic conditions. A fire evestconsidered an extreme loading condition. In
turn, this means there is a low probability thatbant temperature and extreme load
combinations will occur simultaneously during sefevent. In fact, a reduction in live load is
expected; as it is assumed that the occupantdbwibvacuated by the time temperature effects
begin to significantly influence the structureg’estgth and stiffness. Dead loads should remain
unaltered, as they are inherent characteristichefdtructure. As for other types of loading,
depending on the structures geographical and tapbgral location, snow and wind loads may
also need to be considered. In general, some @edmwind load should be considered to assure
lateral stability of the structure. Snow loads WHoalso be included when considering roof
elements in regions where snow loads are signifiaad frequent.

For checking the fire resistance of a structurstarctural element (i.e. PPC beam) to withstand
the effect of a fire event (i.e. extraordinary eyeASCE-07 (2005) design standard provides
two load combination4.2D + (0.5L or 0.2Spand(0.9 or 1.2)D + 0.2What capture a realistic
loading scenario for a fire event. The first laammbination is intended to envelope the vertical

demands on a structure or structural element, wthi#iesecond load combination checks the

lateral stability. It's noteworthy to mention, therm Ay, corresponding to loads from fire

effects, are not included in these expressionsaus® they (temperature and restraint) are
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captured through boundary conditions and time-teatpee relationships utilized in numerical
model. Furthermore, these effects are multipligdalfactor of unity (1.0) due to uncertainty

associated with this event and do not need to hdifired.

5.2.3. High Temperature Material Properties

To predict the fire resistance of PPC beams withumerical model, each material must be
assigned a high temperature material model to eéfinfire response. The material models that
are of interest for fire resistance analysis arerrttal and mechanical properties and these
properties vary with temperature. Numerous highgerature material models are available to
be utilized in the fire resistance calculations foperformance-based approach. However, to
yield accurate results, it must be emphasized, spatial precaution needs to be taken when
selecting a material model. Two widely acceptedtemi@ property models for concrete,
prestressing steel, and reinforcing steel are ptaseEurocode 2 (2004) and ASCE Manual of
Practice No. 78 (1992). Both these models providmperature dependent empirical
relationships to define specific materials high penature properties and these relationships are
reproduced in Appendix B. For a detailed explamatf high temperature properties of these
materials refer to Chapter 2. It should be nof&SICE model does not provide high-temperature
constitutive relationships for prestressing stewl an order to use this model for PPC beams an

alternative stress-strain relationship is requgech as relationship provided in Eurocode 2.
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5.2.4. Thermal and Structural Analysis

The third step is to perform a thermo-mechanicallysis to predict the fire response of a PPC
beam. The complexity involved in such an analystuires the use of a finite element-based
program, such as SAFIR (2004), ANSYS (2011) or ABA&)(2011). These programs utilize
heat transfer and mechanics principles to perforeo@pled heat transfer/strain equilibrium
analysis at incremental time steps. The analgstsuiried out in three main steps: calculation of
fire exposure temperature, calculation of tempeeatlistribution within the PPC beam due to
the fire exposure, and calculation of residual regtle, internal forces, stresses, strains, and
deflections. The estimated fire scenario, stradtlimads, as well as geometric and material
properties form the input to these computer mode&lse critical component of the input is high-
temperature constitutive models of concrete, reamfig steel, and prestressing steel because
these properties define the thermal and mechargspbnse of a material. These properties vary
with temperature and have a significant influencefioe resistance predictions. In SAFIR,
Eurocode properties are built into the computergam, but the ASCE recommended high
temperature property relationships can also bedcode the program.

When selecting a finite-element based computer rarogto perform a thermo-mechanical
analysis the following requirements must be sa&tisfo be deemed acceptable. For starters, the
numerical formulation utilized in the thermal arsyy must be based on fundamental heat
transfer principals to generate temperatures atdyraSimilarly, the mechanical analysis shall
be based on mechanics principles to generate tiefiscinternal forces, and stresses. Another
basic requirement is that the software program rbastapable of performing a time-dependent
analysis, so that results can be checked for fiairevery time step. Furthermore, to obtain

reliable results, the program must be capable cbwtting for nonlinear high-temperature
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material properties, standard and user (i.e. desigrarametric) defined fire scenarios, different
concrete types, high temperature creep, second-eftexts (i.e. P-delta), and failure criteria.

The numerical model should also be able to handikipte materials (i.e. concrete, prestressing
steel, and reinforcing steel) in a model withincalimear geometry and to incorporate the effect
of prestressing or residual stress. These reqeimesmmust be met to ensure the finite-element

program is capable of yielding accurate fire rasise results.

5.2.5. Failure Criteria

Failure criteria to be selected for the performabased approach are based on stability,
insulation, and integrity requirements. The stgbiimit state, also known as strength limit
state, defines failure as the time when a structeleement can no longer maintain its load-
bearing capacity and collapses. Flexure and sireathe two primary failure modes that must
be considered for PPC beams. For each failure ymredpective limiting material strain is used
to define failure. The latter two failure criteriasulation and integrity, are intended to prevent
the spread of fire. These failure criteria arespécial importance for PPC beams, since the
floor/roof systems must not only provide structusapport, but also act as a barrier between
compartments. The insulation (heat transmissiotgrion defines failure when the unexposed
temperature on the slab exceeds 181°C (325°F)yabra@ point or an average of 139°C (250°F).
These limiting temperatures ensure compartmentétioctionality and are based on the critical
temperature required to ignite cotton waste. Washle integrity criterion establishes failure as
time when cracks or fissures form in the concrédd,sallowing flame or hot gasses to path
through the assembly. This criterion can be vdficdlt to quantify, but should be met through

either data from fire tests or calculations baseslmptions regarding material loss. The main
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reason for this criterions existence is to assogeneers select materials and assemblies that can
be relied upon to maintain integrity. Fire resista shall be based on the lesser failure time of

the three limits, when all three criteria are agggbile.

5.2.6. Practical Alternatives

Results from the performance-based analysis cartilzeed to develop practical alternatives for
achieving required fire resistance in PPC beams.a\example, if the fire resistance of a PPC
beam is just short of the required fire resistamga few minutes, then one solution is to replace
the siliceous aggregate in the concrete with catsaggregate to get additional fire resistance.
Other options include changing sectional dimensiamsreasing the slab depth, or modifying
load level depending on the criteria governing fine resistance of the PPC beam. Another
option to improve fire resistance is to include éfiects of axial restraint when appropriate. The
fact that many of these options can be explainezitih numerical analysis, without the need for
expensive fire tests, offers an attractive propasifor designers. These suggestions are just

some of the several possibilities to improve the fesistance of a PPC beam.

5.3. Summary

This chapter presented a performance-based apptoacélculate the fire resistance of PPC
beams. It was developed in attempt to overcomestioetcomings of the current prescriptive-
based methods. It accounts for the critical fagtoamely, realistic fire scenarios, load level,
restraint, and failure criteria, which influenceefresistance of PPC beams. To undertake the fire
resistance calculations, a step-by-step procedyseovided. At every step, a detailed discussion
describing that steps goal, as well as suggestorsw it can be accomplished through readily
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available resources. As a result, this approadérofa rational and cost-effective calculation
methodology for predicting the fire resistance 8fPbeams. The performance-based approach
offers designers the flexibility for innovation, teatial to generate better fire safety, and

opportunity to maximize benefit/cost ratio.

115



Chapter 6

6. Conclusions and Recommendations

6.1. General

This thesis presented results from numerical studiened at overcoming the current fire
resistance limitations of precast/prestressed evadiPPC) double T-beams. A performance-
based approach was applied in the fire resistanetysis of two PPC double T-beams. A
10DT24+2 and 12DT32+2 PPC double T-beam were aedlysing SAFIR under different fire
scenarios, loading and restraint. In the numestadlies high temperature material properties,
various load and restraint levels, and material gewimetric nonlinearity were accounted for, as
well as realistic failure criterion were included évaluate the fire response and determine
failure. Prior to the analysis, SAFIR was validatesing published fire test data from the

Portland Cement Association (PCA) and Underwritexisoratories (UL). The validation studies
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revealed, the temperatures, deflections, and ésestance predicted with SAFIR show a strong
correlation with the results of real fire testsn addition, a sensitivity analysis was also
undertaken to confirm that the level of refinemseliected for discretization of the thermal and
structural models were refined enough to producerate results. Next, the numerical model
was used to conduct parametric studies to quathiy influence of various factors on fire
response of PPC double T-beams. The critical fadtdluencing the fire resistance were found
to be fire scenario, axial restraint, load levegjgregate type, and failure criterion. Based on the
findings of the parametric studies, guidelinesdqrerformance-based assessment approach were
developed to offer a rational approach for detemgjrihe fire resistance of PPC double T-
beams. The guidelines outline the specific requénets for the selection of the fire scenario,
material model, numerical model, and failure criterThe proposed design approach accounts
for significant factors that influence the fire istance of PPC double T-beams, and thus

provides better fire resistance estimates as cardgarcurrent code provisions.

6.2. Conclusions

Based on the information presented in this thélsesfollowing conclusions can be drawn:
» Current approaches for evaluating the fire reststasf a PPC double T-beam are based
on prescriptive methods and may not yield realifstecresistance.
* The main factors that influence the fire respons®PRC beams are load intensity, fire
scenario, aggregate type, restraint, and coveknbgs.
* Load intensity is inversely proportional to firesigance of PPC beams and can
drastically reduce the fire resistance for veryhhigad levels. A 10% increase in load

can decrease fire resistance by approximately Titesn
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» Fire scenario has a significant influence on the fesponse of a PPC double T-beam. If
a PPC beam is designed under the prescriptive apipréhen the beam may be over- or
under-designed when compared to the actual fuedsloand ventilation conditions
present.

» The type of aggregate used in concrete has a ntedafluence on fire resistance of PPC
beams. Carbonate aggregate concrete provide higaeesistance (about 10% in most
cases) than siliceous aggregate concrete.

* Axial restraint can improve fire resistance of PdRiLible T-beams by up to 12%, but the
level of restraint depends on the type of restyampport condition, and variable stiffness
offered by the adjoining members.

» Fire resistance of PPC beams is often governedirbiing strand temperatures for
slender stems and heat transmission for bulkienstehere adequate cover thickness is
provided.

» Performance-based fire design can be used to gevatmnal and innovative solutions

by introducing realistic fire scenarios, load irdigy, and restraint conditions.

6.3. Recommendations for Future Research

While herein lies a state-of-the-art approach &seasing the fire resistance of PPC beams; more
research is still needed to develop a better utatesg of the subtle nuances and other
scenarios not considered in this study with respette fire resistance of PPC beams. Below is
a list of recommendations for future research iempt to achieve this goal:

 The effects of restraint presented in this manpsccould be expanded upon by

performing a comprehensive stand-alone study tlmatidvinvestigate numerous support
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conditions, types of restraint (axial, moment, ameimbrane action), and varying degrees
of stiffness found in building applications. Thesearch would lay the ground work for
future design provisions and additional insighbitite beneficial or detrimental effects of
restraint.

The high temperature constitutive relationshipss@néed in this study revealed several
discrepancies between the models and in the capeesfressing steel, even a lack of
information.  Therefore, future research shouldufoocon further developing and
confirming the high temperature material properties new and existing types of
concrete, reinforcing steel, and especially prestrg steel. To assure the accuracy of
these models special consideration should be diveapture high temperature creep and
in the case of concrete only, transient strains.

Physical properties, such as fire-induced spalbbhgconcrete and bond loss between
prestressing steel and concrete under fire comditiieed to be further studied. These
properties can have the potential to be catastcophithe fire resistance of PPC beams
and subsequent collapse of an entire structurese&s in the literature review, little is
understood about the nature of either these pHysgicperties and to date, neither
property has been developed to a point where ibegoredicted under fire conditions.

A series of fire tests must be undertaken to vadidasults from numerical models
utilized in a performance-based approach. Thegetéists will help the performance
based approach gain acceptance and instill corde&leamongst the engineering
community so that one day it will no longer be resaey to perform costly fire tests.

The influence of a localized fire or thermal gradi@bout the cross-sectional depth

and/or along the length of the PPC beam due talyhamics of a real fire. These two
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fire exposure scenarios to need to be considergvéansight into the potential for shear
failure or potential for issues regarding principaksses when developing guidelines for

the fire design of PPC beams.
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Appendix A

A.1 Code Fire Resistance Rating Calculations

This appendix provides fire resistance rating datoans for the 10DT24+2 and 12DT32+2 PPC
double T-beams per US, Canadian and Europeanrfirgsmons. Each countries fire provisions
are applied to determine a fire rating based onléaéd data, simplified calculations, and heat
transmission failure criteria. Refer to Figure4 4nd 4.2 for cross-sectional dimensions and
details of 10DT24+2 and 12DT32+2 PPC beams, respedct Refer to Table 4.1 for material

and section properties for each PPC beam.

A.1.1 US Fire Provisions
The ACI 318 (2008) and PCI Design Handbook (200édjenselected to illustrate how US fire

provisions determine the fire resistance of PPQrisea The following calculations assume a

normal weight concrete composed of carbonate agtgeg

Tabulated Data:
10DT24+2

Effective flange width for a T-beam per ACI 318 &er 8.10.2

beff =3* (AverageSt@aWidtl) =3* (95mm+ 146mm) =362nm

Effective area of a single stem

©5mm-+146mm)

Aoff = 362mm* 102mm+ 559mm* =104284mn? = 104cn?
0 Aeff = 96 < Apff < 194cm?
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Concrete cover to prestressing strands

CbOttOrT( pl’OVideG) = 5Imm-13mm* % = 45mm

95mm  127mm_ (46mm-95mm) 13mm
+ —
2 55¢mn 2

=47mm

Csidel provided =

Minimum concrete cover to prestressing strand

Cmin L 45mm

Tabulated fire resistance ratings based on restcaindition, aggregate type, beam area, and
minimum concrete cover to prestressing strands Tadle 9.3.7.1(5) of the PCI Design
Handbook.

Minimum required concrete cover to prestressingnsts for 1 1/2 hr fire resistance rating

Creq =44mm

FRRzl%hr

12DT32+2
Effective flange width for a T-beam per ACI 318 &eac 8.10.2

beff =3* (AverageStawidt) =3+ (12 MM*12MM) _ 2 0mm

Effective area of a single stem

L97mm+12Imm)

Peff = 476mm* 102mm+ 762mm =169710mnf = 17.0cn?

0 Aeff = 96 < At < 194cn?
Concrete cover to prestressing strands

Cpottom( Provided) = 5Imm-13mm* }é = 45mm
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146mm+ 178nm, (97mm-12Imm) 13mm _
2 76zmn 2

75mm

Csige( provided =

Minimum concrete cover to prestressing strand

Cmin UJ45mm

Tabulated fire resistance ratings based on restcaindition, aggregate type, beam area, and
minimum concrete cover to prestressing strands Tasle 9.3.7.1(5) of the PCI Design
Handbook.

Minimum required concrete cover to prestressingnsts for 1 1/2 hr fire resistance rating

Creq = 44mm

FRRzl%hr

Simplified Calculations:

A single set of detailed calculations to deterntime moment capacity at 1 hr of fire exposure is
provided below for each PPC beam. A complete fsetsmilts are provided in Tables A1.1.1 and
Al.1.2 for the 10DT24+2 and 12DT32+2, respectively.

10DT24+2

Depth to strand centroid

u=12"4mm

Stem width at strand centroid

127mm, (46mm-95mm)
55¢mnr 2

b =95mm+ *2=107mm

Strand temperature increase based on width andi teepentroid per Table 9.3.7.6 of the PCI

Design Handbook.
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T=342C

Strength reduction per Figure 9.3.7.2 of the PQ3igre Handbook

STR red=66%

Ultimate tensile strength in prestressing stranekr df hr of fire exposure

f pug = 066* 186 MPa=122MPa

Factor based on type of prestressing strand p&osek8.7.2 of ACI 318

f
since—" > 08= yp = 04
Compressive stress block factor per section 4.2f1PCI Design Handbook

[ = 076

Stress in prestressing strand at nominal strerftgh R hr of fire exposure

Aosf ] )
VoPosioub, _ oqupar - 04 1013nnf *122MPa |=121MPa
Bibdf 076 *3048nnt 533nm*40MPa

Depth of equivalent rectangular compression stobssk

fpsg = fpusll -

_Apsfpss _ 1p13nnf *121MPa

= =12mm
085f'cb  085*40MPa*3048nm

Moment capacity after 1 hr of fire exposure

Mng = Apsfpsa(dp —%) = 1p13nnf *1217MPa * (533mm—12%‘) = 650kNm
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Table A1.1.1 — Simplified Calculation Results for @DT24+2 According to US Fire
Provisions

1hr 2 hr 3 hr 4 hr
Temperature (°C) 342 609 703 709
Strength reduction (%) 66 14 6 5
fou (MPa) 1,229 261 112 93
foe (MPa) 1,217 255 110 90
ag (mm) 12 3 1 1
Mpe (KNm) 650 137 59 49

Selfweight of PPC Beam

D = 3.45kPée * 3.04ém =1C.5kN / m

Live load for a parking garage/building per ASCBY{2005) design loads for a parking
garage/building

L = 2.3%kPe * 3.046m = 7.3kN /' m

Load combination

w=12D +0.5L =1.2*1C.5kN /m+0.5* 7.3kN / m =16.3kN / m

Factored moment demands

_ w2 163kN/m * 12192m)?2
8 8

M = 302kNm

Determine moment capacity for 1 %% hr fire ratimgpfir Table A1.1.1:

_ (B50KNm+13%Nn)
2

Mng =394kNm

Since394kNm > 302kNm = FRR =1 % hrs

126



12DT32+2

Depth to strand centroid
u=178nm

Stem width at strand centroid

178nm_ (197mm-12Imm)
76zmn 2

b=12Imm+ *2=139mm

Strand temperature increase based on width andi teepentroid per Table 9.3.7.6 of the PCI
Design Handbook.

T=198C

Strength reduction per Figure 9.3.7.2 of the PQ3ire Handbook

STR red=93%

Ultimate tensile strength in prestressing stranekr df hr of fire exposure

fpug = 093*186MPa= 173MPa

Factor based on type of prestressing strand p&osel3.7.2 of ACI 318

f
since— > 08 = Vp = 04
Compressive stress block factor per section 4.2flPICI Design Handbook

[, = 076

Stress in prestressing strand at nominal strerftgh Bhr of fire exposure

Apsf . .
VoPostoud, _ ooniparn 04 1523nnf *173MPa | = 70Pa
Bibdf 076 *3658nnt 686nm* 40MPa

Depth of equivalent rectangular compression stoéssk

fpsg = fpusll -

_ Apsfpss _ 1523nnf *173MPa
085f'cb  085*40MPa*3558nm

=2Imm

ag
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Moment capacity after 1 hr of fire exposure
- a9, _ nf 2Imm, _
Mng = Apsfpsg(dp = 2) = 152amnf* *173MPa* (686mm—Tm) = 178KNm

Table A1.1.2 — Simplified Calculation Results for 2DT32+2 According to Canadian Fire
Provisions

1hr 2 hr 3 hr 4 hr
Temperature (°C) 198 431 576 592
Strength reduction (%) 93 45 18 16
foup (MPa) 1,732 838 335 298
foe (MPa) 1,708 832 334 297
ag (mm) 21 10 4 4
Mpg (KNm) 1,782 863 348 309

Selfweight of PPC Beam

D = 4.08kPe * 3.657¢m =14.9kN / m

Live load for a parking garage/building per ASCB%{2005) design loads for a parking
garage/building

L = 2.39kPe * 3.657¢m = 8.7kN / m

Load combination

w=12D+0.5L =1.2*14.9kN /m+ 0.5*8.7kKN /m = 22.2kN / m

Factored moment demands

_ Wi 222kN/m * 1524m)2
8 8

M = 645kNm

Since86ZkNmr > 645EkNnm = FRF = 2hrs
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Heat Transmission:

10DT24+2

Slab thickness

h = flange + topping = 51mm + 51Imm = 102mm

Heat transmission fire resistance rating basedype of concrete and slab thickness per Table
9.3.6.1 of the PCI Design Handbook.

FRR=1hr

12DT32+2

Slab thickness

h = flange + topping = 51mm + 5Imm =102mm

Heat transmission fire resistance rating basedype of concrete and slab thickness per Table
9.3.6.1 of the PCI Design Handbook.

FRR=1hr

A.1.2 Canadian Fire Provisions

The National Building Code of Canada (2005) and OP€sign Manual (2007) were selected to
illustrate how Canadian fire provisions determime ffire resistance of PPC beams. The
following calculations assume a normal weight ceter(Type N) composed of calcareous

(carbonate) aggregates.

Tabulated Data:
10DT24+2

Effective flange width for a T-beam per CAN3-D-2.10
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beff =12 =12*102mm= 1224nm

beff = %(ClearDist) = % * (1524mm-95mm) = 715mm

beff = é(Spar) =% (12192mm) = 2438nm

O beff = 714mm
Effective area of a single stem

Acff =102mm* 714mm-+559mm* 12Imm= 140000mn? = 1400cm?

0 Aeff = 970< Agff < 1940cr?
Concrete cover to prestressing strands
Chottont Provided = 45mm
Cside(provided = 47mm

Average concrete cover to prestressing strands

_ (45mm+47mm)

Cavg = 5 =46mm

Tabulated fire resistance ratings based on restcaindition, aggregate type, beam area, and
average concrete cover to prestressing strand$gide D-2.10.1 of National Building Code of
Canada.

Minimum required concrete cover to prestressingsts for 1 1/2 hr fire resistance rating

Creq =45mm

FRRzl%hr
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12DT32+2
Effective flange width for a T-beam per CAN3-D-2.10

beff =12 =12¢102mm= 1224nm

beff = %(CIearDist) = % * (1829mm-12Imm) = 854mm

1 1
beff = _(Spa = _ (15240mm) = 3048mm
O beff =854mm
Effective area of a single stem

Acff =102mm* 854mm+ 762mm* 17Imm= 217 A10mnf = 2174cm?

0 Acfi = Aeff > 1940on?

Concrete cover to prestressing strands
Chottont Provided = 45mm

Csigd provided = 76mm

Average concrete cover to prestressing strands

_ (45mm+ 76mm)

Cavg = 5 = 6Imm

Tabulated fire resistance ratings based on restcaindition, aggregate type, beam area, and
average concrete cover to prestressing strand$gi#e D-2.10.1 of National Building Code of
Canada.

Minimum required concrete cover to prestressingsts for 2 hr fire resistance rating

Creq =50mm

FRR=2hr
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Simplified Calculations:

A single set of detailed calculations to deterntime moment capacity at 1 hr of fire exposure is
provided below for each PPC beam. A complete fsetsults are provided in Tables Al1.2.1 and
Al.2.2 for the 10DT24+2 and 12DT32+2, respectivelflote, the CPCI Design Manual only
provides a 2 hour temperature profile to deternihee strand temperatures. Therefore, Table
9.3.7.6, 9.3.7.8, and 9.3.7.9 from the PCI Desigmndbook were used to assess the fire

temperatures for the 1, 3, and 4 hour moment cpeaiculation.

10DT24+2

Depth to strand centroid

u=127Mmm

Stem width at strand centroid

b=107mm

Strand temperature increase based on width andh deptentroid per Table 9.3.7.6 of the PCI
Design Handbook (Figure 6.3.10 of CPCI Design Mafwa2 hr temperature).

T=342C

Strength reduction per Figure 6.3.7 of CPCI Desitgmual

STR red=66%
Ultimate tensile strength in prestressing stranek df hr of fire exposure

fpug = 066 *1860MPa= 1228VIPa

Ratio of average stress in rectangular compredsauk to specified concrete strength per

section 3.3.1 of CPCI Design Manual
m =min(067085-0.0015 f'¢) =min( 067085-0.001540MPg = 079
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Ratio of depth to rectangular compression bloo#tepth to the neutral axis

B =min(067097-0.0025 f'c) =min(067097-0.002540MPg = 087
Distance from extreme compression fiber to centodistressed reinforcement
dp =533nm

Minimum effective web width within deptth

by = 3048nm

c _ Apsfpug  _ 1p13nnf *1228VPA

= = 00279
dp af'chwdpB  079*40MPa *3048mm* 533nm* 087

Coefficient accounting for the shape of tendonsstigtrain curve (low relaxation strand of wire)
kp = 028
Stress in prestressing strand at nominal strerftgh Bhr of fire exposure

fprg = fpugll- kpdi] = 1228VIPa* [1- 028* (0.0279] = 1218MPa
p

Depth of equivalent rectangular compression stoessk

_ Apsfpre _ 1013nnf *1218VIPa
oy f'c 079 *3048nm40MPa

=13nm

Moment capacity after 1 hr of fire exposure

Mng = Apsfpra(dp —%) = 1p13nnf *1218VIPa * 633nm—13me) = 650kNm
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Table A1.2.1 — Simplified Calculation Results for @DT24+2 According to Canadian Fire

Provisions

1hr 2 hr 3 hr 4 hr
Temperature (°C) 342 610 703 709
Strength reduction (%) 66 12 4 4
foug (MPa) 1,228 223 74 74
c/dy 0.0279 .0051 0.0017 0.0017
forg (MPa) 1,218 223 74 74
ag (mm) 13 2 1 1
Mpg (KNm) 650 120 40 40

Selfweight of PPC Beam

D = 3.45kPée * 3.04ém =1C.5kN /m\

Live load for a parking garage/building per ASCBY{2005) design loads for a parking

garage/building
L = 2.39kPe * 3.046m = 7.3kN / m

Load combination
wW=D+L=105kN/m+7.3kN/m=17.8kN / m

Factored moment demands

_ w2 178kN/m * (12192m)2
8 8

M = 331kNm

Determine moment capacity for 1 ¥ hr fire ratingnfirTable A1.2.1

_ (65kNm+120kNm)

M
né 5

=385%Nm

Since 385kNm > 331kNm= FRR=1 % hrs
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12DT32+2

Depth to strand centroid

u=178nm

Stem width at strand centroid

b =13&mm

Strand temperature increase based on width andi teepentroid per Table 9.3.7.6 of the PCI
Design Handbook (Figure 6.3.10 of CPCI Design Mafwa2 hr temperature).

T=198C

Strength reduction per Figure 6.3.7 of CPCI Dedigmual

STR red=9%%

Ultimate tensile strength in prestressing stranekr df hr of fire exposure

fpug = 094 *1860MPa= 1748VPa

Ratio of average stress in rectangular compredsank to specified concrete strength per
section 3.3.1 of CPCI Design Manual

a1 =min(067085-0.0015 f'c) =min(067085-0.001540MPg = 079

Ratio of depth to rectangular compression bloo#tepth to the neutral axis

B =min(067097-0.0025 f'c) =min(067097-0.0025*40MPg = 087
Distance from extreme compression fiber to centodistressed reinforcement
d p = 686mm

Minimum effective web width within depith

by = 3658nm
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¢ _ Apsfpus 1013mn? *1748VIPA

= = 00257
dp afchwdpf  079*40MPa *3658mm 68emm* 087

Coefficient accounting for the shape of tendonsstigtrain curve (low relaxation strand of wire)
kp = 028
Stress in prestressing strand at nominal strerftgh Rhr of fire exposure

forg = fpugll- kpdi] = 1748VIPa* [L- 028* (0.0257)] = 1735MPa
p

Depth of equivalent rectangular compression stoessk

_ Apsfpr _ 1p13nnf *1738vPa
abyf'c

=15mm
0.79 *3658nm*40MPa

ag

Moment capacity after 1 hr of fire exposure

Mng = Apsfpra(dp —%) = 1p13mn? *1735VIPa * (686mm—15me) = 1192kNm

Table A1.2.2 — Simplified Calculation Results for 2DT32+2 According to Canadian Fire
Provisions

1 hr 2 hr 3hr 4 hr

Temperature (°C) 198 460 703 709
Strength reduction (%) 94 35 15 13
foup (MPa) 1,748 651 279 242
c/dy 0.0257 .0096 0.0041 0.0036
foro (MPa) 1,735 649 279 242
a9 (mm) 15 6 2 2
Mpo (KNm) 1,192 449 194 168

Selfweight of PPC Beam

D =4.08kPe * 3.657¢ m =14.9kN / m

136




Live load for a parking garage/building per ASCB%{2005) design loads for a parking
garage/building

L = 2.3GkPe * 3.657¢ m = 8.7kN / m

Load combination

w=D+L=149kN /m+8.7kN / m = 23.6kN / m

Factored moment demands

_wi? _ 236kN/m * (1524m)2
8 8

M = 685kNm

Determine moment capacity for 1 ¥ hr fire ratingnfir Table A1.2.2

_ (1192kNm+ 44kNm)

M
né >

=821kNm

Since821kNm > 685kNm= FRR =1 % hrs

Heat Transmission:

10DT24+2

Slab thickness

h = flange + toppin¢c =5Imn + 5Immr =10zmnm

Heat transmission fire resistance rating baseqpa of concrete and slab thickness per Table D-
2.2.1.A of the National Building Code of Canada.

FRF=1hr
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12DT32+2

Slab thickness

h = flange +toppin¢c = 5Imm +51Imn =10zmn

Heat transmission fire resistance rating baseqpa of concrete and slab thickness per Table D-
2.2.1.A of the National Building Code of Canada.

FRR=1hr

A.1.3 Eurocode Fire Provisions

Eurocode 1 Part 1-2 (2002), Eurocode 2 Part 1-04pG@nd Eurocode 2 Part 1-2 (2004) were

selected to illustrate how Eurocode fire provisidesermine the fire resistance of PPC beams.

Tabulated Data:

10DT24+2

Vertical distance to centroid of bottom prestregstrand

a=5Imn

Modification to axis distance for prestressing wieg section 5.2(5) of Eurocode 2 Part 1-2 to
account for critical temperature of 3%0

Amoc =dImm+1amm=66mn

Side distance to centroid of prestressing strand
agg =47/mm
Modification to axis distance for prestressing woex Table 5.5 of Eurocode 2 Part 1-2

asd,mod = 47/mm+10mm=57mm
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Stem width at strand centroid

b=107mm

Tabulated fire resistance ratings based on miniratigither the combination of the average axis
distance and width of beam or web thickness petela of Eurocode 2 Part 1-2. Assume web
thickness is based on a Class WB (tapered web).

Web thickness controls
by =100nn

FRRzllhr
2

12DT32+2

Vertical distance to centroid of bottom prestregstrand

a=5Imm

Modification to axis distance for prestressing wper section 5.2(5) of Eurocode 2 Part 1-2 to
account for critical temperature of 3%0

amod=5Imm+15mm= 66mm

Side distance to centroid of prestressing strand

agd =59mm

Modification to axis distance for prestressing wiex Table 5.5 of Eurocode 2 Part 1-2

asd,mod = 47/mm+10mm= 69mm

Stem width at strand centroid

b=138mm
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Tabulated fire resistance ratings based on miniratigither the combination of the average axis
distance and width of beam or web thickness petelas of Eurocode 2 Part 1-2. Assume web
thickness is based on a Class WB (tapered web).

Web thickness controls
by =120nn

FRR=2hr

Simplified Calculations:

A single set of detailed calculations to deterntime moment capacity at 1 hr of fire exposure is
provided below for each PPC beam. A complete fsetsuilts are provided in Tables A1.3.1 and
Al1.3.2 for the 10DT24+2 and 12DT32+2, respectivel\Note, the Eurocode 2 Part 1-2 only
provides temperature profiles for rectangular csmsgions. To accurately predict the
temperatures within a stemmed cross-section, thpaeature profiles provided in Tables 9.3.7.6
to 9.3.7.9 of the PCI Design Handbook are used.

10DT24+2

Depth to strand centroid

u=127%nm

Stem width at strand centroid

b=107mmn

Strand temperature increase based on width andi teepentroid per Table 9.3.7.6 of the PCI
Design Handbook.

T=342C
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Strength reduction per Figure 5.1 of Eurocode 2 Par

kp(6) =10- 0456 ~-100/250=10~ 045342C -100/250= 056
Ultimate tensile strength in prestressing stranekr df hr of fire exposure
oprg =kp(f)opy = 056 *1860MPa= 1042MPa

Effective strength factor per section 3.1.7 of Bueocode Part 1-1
n=10

Area of prestressing steel strand
As, provided = 1013mm?
Depth of equivalent rectangular compression stoessk after 1 hour of fire exposure

_ ApLpré _ 1013nnf *1042MPa _

= 9mm
fckb 10*40MPa*3048nm

ag

Depth of equivalent rectangular compression stoes=k at ambient temperatures

_ ApsTpu _ 1013nnf *1860MPa _
mckb  10*40MPa *3048nm

a 15mm

Distance from extreme compression fiber to centodistressed reinforcement

dp =533mm

Selfweight of PPC Beam

Gk = 345kPa *3048m =10.5kN / m

Live load for a parking garage/building per ASCB%{2005) design loads for a parking
garage/building

Qi = 2.39kPa *3048m = 7.3kN /' m

Load combination
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WE(, fi = Gk +09Qk =105kN/m+09*7.3kN/m=171kN/m,

Factored moment demands

12
WEd, fileff  171kN/m * €2192m)2

M i = =31&N_m
Ed, fi 8 3 —
Required area of prestressing steel
MEd, fi 31&N_m
Asreq = - =B - 325mnf
op(dp=7)  1860MPa* cssanm—Z”B

Partial factor for prestressing steel under accalatesign situations per Table 2.1N of Eurocode

2Part1-1

Ys=10

Partial factor for prestressing steel under pestsind transient design situations per Table 2.1N
of Eurocode 2 Part 1-1

Vs, fi = 115

Ratio o f provided to required reinforcement shall be taken greater than 1.3 per annex E.2(4)

of Eurocode 2 Part 1-2

As, provided _ min(As’ provided 13 = min(1013nmz

13) =min(31113) =13
Asreq Asreq 328mnf

Moment capacity after 1 hr of fire exposure

MRd, fi = {A,Jks(ﬂ)apre{

. As, provided} — [ 10 j * (056) * (1042MPa) * (1.3) = 66kNm
S, fi

Asreq 115
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Table A1.3.1 — Simplified Calculation Results for @DT24+2 According to Eurocode Fire

Provisions

1hr 2 hr 3hr 4 hr
Temperature (°C) 342 609 703 709
Kp 0.56 0.09 0.08 0.08
Opr (MPa) 1,042 167 149 149
ag (mm) 9 1 1 1
MRd fi (KNm) 660 17 13 13

Determine moment capacity for 1 ¥ hr fire ratingnfirTable A1.2.1

_ (660kNm=+17kNn)
2

=33%Nm

Mng

Since 339kNm > 318kNm= FRR=1 % hrs

12DT32+2

Depth to strand centroid
u=178nm

Stem width at strand centroid
b=13&mn

Strand temperature increase based on width andi ¢epentroid per Table 9.3.7.6 of the PCI

Design Handbook.

T=198C

Strength reduction per Figure 5.1 of Eurocode 2 Par

kp(6) =10- 0456 -100/250= 10~ 045198C -100/250= 082
Ultimate tensile strength in prestressing stranekr df hr of fire exposure

O-prg = kp(e)a-pu = 082 *1860MPa = 1529VIPa

143



Effective strength factor per section 3.1.7 of Buwocode Part 1-1
n=10

Area of prestressing steel strand
As, provided = 1520mm?
Depth of equivalent rectangular compression stoessk after 1 hour of fire exposure

A *
_ PpFpro _ 152amnf *1529MPa —16mm
Mfoad  10*40MPa*3658nm

ag

Depth of equivalent rectangular compression stoes=k at ambient temperatures

= Ppspu _ 152amnf* *186(MPa _
Mfeb  10*40MPa*3658nm

19mm

Distance from extreme compression fiber to centodistressed reinforcement

dp =686mm

Selfweight of PPC Beam

Gk = 408kPa *3.6576m =14.9kN / m

Live load for a parking garage/building per ASCB%{2005) design loads for a parking
garage/building

Qk = 239kPa *3.6576m = 8.7kN /' m

Load combination

WE, fi =Gk +09Qk =149kN/m+ 09*87kN/m= 227kN/m

Factored moment demands

2
WE(, fil * 2
MEd fi = . eff _ 227kN/mt8 @524m) - 65%N_m
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Required area of prestressing steel

_ MEdfi _ 65%KN_m _
Asreq = . o 524mnf
ap(dp-7)  1BE0MPa* (686mm—2”5

Partial factor for prestressing steel under accalatesign situations per Table 2.1N of Eurocode

2 Part 1-1

¥Ys=10

Partial factor for prestressing steel under pesisind transient design situations per Table 2.1N
of Eurocode 2 Part 1-1

Vs, fi =115

Ratio o f provided to required reinforcement shall be taken greater than 1.3 per annex E.2(4)

of Eurocode 2 Part 1-2

As, provided _ min(As, provided ; 5 _ mm(w 13) = min(29213) = 13

Asreq Asreq 521mnf

Moment capacity after 1 hr of fire exposure

As, provide
Asreq

Vs, fi 115

MRd, fi = (A_Jks(g)apré{ d} = ( 10 j * (082 * (1529MPa) * (1.3) = 1414&Nm

Table A1.3.2 — Simplified Calculation Results for 2DT32+2 According to Eurocode Fire
Provisions

1hr 2 hr 3 hr 4 hr
Temperature (°C) 198 431 576 592
Kp 0.82 0.37 0.10 0.09
Opro (MPa) 1,525 688 186 167
ag (mm) 16 7 2 2
MRd.fi (KNm) 1,414 288 21 17
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Determine moment capacity for 1 ¥ hr fire ratimgpfir Table A1.2.1

_ (1414Nm+ 288Nm)
2

Mng =85KkNm

Since851kNm > 659kNm = FRR = 1% hrs

Heat Transmission:

10DT24+2

Slab thickness

h = flange + topping = 5Imm+ 51Imm=102mm

Heat transmission fire resistance rating basedhicriess of concrete per Table 5.8 of the

Eurocode 2 Part 1-2.

FRR:l}éhr

12DT32+2

Slab thickness

h = flange + topping = 5Imm+ 51Imm=102mm

Heat transmission fire resistance rating basedhicriess of concrete per Table 5.8 of the

Eurocode 2 Part 1-2.

FRR:l}éhr
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Appendix B

B.1 High Temperature Material Property Relationship

Table B.1 — Constitutive Relationships for High Terperature Properties of Normal
Strength Concrete

Eurocode 2 (2004)

Specific heat (J/KE)

¢ =900 for20°C <T <100°C

¢ =900 + (T — 100) for100°C < T < 200°C
¢ = 1000 + (T — 200),/2 for200°C < T < 400°C
¢ =1100 for400°C < T < 1200°C

Density (kg/m)

p=p(20°C) for20°C <T <100°C
p=p(20°C)(1 — 0.02(T — 115)/85) for115°C < T < 200°C
p = p(20°C)(0.98 — 0.03(T — 200)/200) for 200°C < T < 400°C
p = p(20°C)(0.95 — 0.07(T — 400)/800) for 400°C < T < 1200°C

Volumetric Specific Hea(J/m3°C)
All Types

Volumetric Specific Heat = pc

Upper limit

ke = 2 — 0.2451(T/100) + 0.0107(T/100)2
for20°C < T < 1200°C

Lower limit

All Types

ke = 1.36 — 0.136(T/100) + 0.0057(T/100)2
for20°C < T < 1200°C

Thermal Conductivity( W/m°C)

147




Table B.1 (cont'd) — Constitutive Relationships forHigh Temperature Properties of
Normal Strength Concrete

Eurocode 2 (2004)
14
>
4 e, = —1.2x107% + 6x1076T + 2.3x107 1173
2’ for20°C <T <700°C
2
g ey = 14x1073
.% o for700°C < T <1200°C
| g
| ©
©
El 3
Q|
L
g e, = —1.2x107% + 6x1076T + 1.4x1071173
S for20°C <T <805°C
<
3 ey, = 12x1073
o) th
3 for805°C <T <1200°C
=
T '
a 3ef,
c,0
% 0c(6) = 5 fore<eqg
e
2 €102t <g . )
o 8 ’ C1,9
o
c =z For numerical purposes a descending  fore.1 g <& <¢€c,1 9
g branch should be adopted. Linear or
g nonlinear models are permitted.
n
o
5 (For the variables in this equation refer to Tabl2.)
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Table B.1 (cont'd) — Constitutive Relationships forHigh Temperature Properties of
Normal Strength Concrete

ASCE Manual (1992)

Volumetric Specific Hea(J/m3°C)

Carbonate Aggregates

pc = 2.566

pc = 0.1765T — 68.034

pc = 25.00671 — 0.05043T
pc = 2.566

pc = 0.01603T — 5.44881

pc = 0.16635T — 100.90225
pc =176.07343 — 0.22103T

pc = 2.566

for20°C <T <400°C
for400°C <T <410°C
for410°C <T <445°C
for445°C < T <500°C
for500°C < T <635°C
for 635°C < T <715°C
for715°C < T <£785°C
forT >785°C

pc = 0.005T + 1.7
pc = 2.7

pc =0.013T — 2.5
pc=10.5-0.013T

pc = 2.7

for20°C < T <200°C
for 200°C < T < 400°C
for 400°C < T < 500°C
for 500°C < T < 600°C
for T > 600°C

Thermal Conductivity(W/m°C)

ke = 1.355
ke = —0.001241T + 1.7162

for20°C < T <293°C
forT >293°C

Siliceous Aggregates| Carbonate Aggregates Siliceous Aggregates

ke = —0.000625T + 1.5
kc = 1.0

for20°C <T <800°C
forT >800°C
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Table B.1 (cont'd) — Constitutive Relationships forHigh Temperature Properties of
Normal Strength Concrete

ASCE Manual (1992)

U)

9

©

(@)
—_ D
O | o
OE g’
S | n| kc=-0.00085T+1.9 for0°C <T <800°C
=~ | 5| kc=122 for T >800°C
c >
819
2| 5
> | o
B
=)
T |w

©
S 5
= ©
S 88 kc=-000039583T + 0.925 for20°C < T < 600°C
5 |2 5 kc=0.6875 for T > 600°C
c © T
Fo|l2<
LU
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Table B.1 (cont'd) — Constitutive Relationships forHigh Temperature Properties of
Normal Strength Concrete

ASCE Manual (1992)

[
P
n 8_ _ -6
2l s eep, = (0.008T + 6)x10
e | = for 20°C < T < 1200°C
o | <
N
|_
Stress
! €~ Emax,T

oc=fer|1- (—8 . ) fore < emaxT

E max,
2
> ! Emax,T — €
2 oc=fer|l- e o fore> emax,T
< Emax,T
g n
O (]
% l% CompressSteength(MPa)
= <=E ! '
E for = fr for20°C < T < 450°C
o ! ' T —20
4 for = fe 2.011—2.353( o )] for450°C < T < 874°C
& fog =0 for T < 874°C
Stra
Emax,T = 0.0025 + (6.0T + 0.04T%)x10~°
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Table B.2 — Values for Main Parameters of Stress4stin Relationships of Normal Strength

Concrete at Elevated Temperatures (Eurocode 2, 20p4

Siliceous Carbonate
Temperature’C fc" o fc’ o
T €c1,0 €cul,n — €c1,0 €cul,f
fe20 fe20
20 1.00 0.0025 0.020¢ 1.00 0.0025 0.0200
100 1.00 0.0040 0.0225 1.00 0.0040 0.02P5
200 0.95 0.0055 0.025( 0.97 0.0055 0.0250
300 0.85 0.0070 0.0275 0.91 0.0070 0.0275
400 0.75 0.0100 0.030(¢ 0.85 0.0100 0.0300
500 0.60 0.0150 0.0325 0.74 0.0150 0.03P5
600 0.45 0.0250 0.035( 0.60 0.0250 0.03b60
700 0.30 0.0250 0.0375 0.43 0.0250 0.0375
800 0.15 0.0250 0.040(¢ 0.27 0.0250 0.0400
900 0.08 0.0250 0.0425 0.15 0.0250 0.04p5
1000 0.04 0.0250 0.0450 0.06 0.0250 0.0450
1100 0.01 0.0250 0.047% 0.02 0.0250 0.0475
1200 0.00 — — 0.00 - -
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Table B.3 — Constitutive Relationships for High Terperature Properties of Prestressing
Steel Reinforcement

Eurocode 2 (2004)

[
[
n _ _ _
= gy, = —2.016x10™% 4+ 1.0x107>T + 0.4x10 872
£ for20°C < T <1200°C
2
|_
Stress
op = epEp g forep < eppg
2 2 0.5
op = fpp,@ —c+(b/a) [a — (gpyﬁ —&p) ] for Epp,0 < €p < €py 0
op = fpy,0 foreny 0 <ep <eéptp
op = fpyﬁ [1 - (sp — Ept,G) / (Epu,e - Ept,G)] for Ept,0 <g < €p1,0
op = 0.0 forep = €p1,0
Parameters

€pp,0 = fpp,6/Epe  Epye = 0.02
Functions

2 C
a = (Spyﬁ - Eppﬁ) €py,0 ~ Epp,6 T [

Stress-strain relationshipgMPa)

b2 =¢ (Epy,B - Eppﬁ) Ep’g + c2

2
(f py8 ~f ppﬁ)
(py,0 — €0p.6) Ep.o =2 (Fpy.0 = Fpp0)

Cc =

(Values forfyy 0+ fpp,6 1 Ep,g » €pt,g @ndey, g can be found from Table B.4)
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Table B.4 — Values for Main Parameters of Stress4stin Relationships of Prestressing Steel
Reinforcement at Elevated Temperatures (Eurocode 2004)

. fpy,0 fpp,6 Epe . .
Temperature°C) ﬂfyk :nyk Ep pt,0 pu,6

20 1.00 1.00 1.00 0.050 0.10(
100 0.99 0.68 0.98 0.050 0.100
200 0.87 0.51 0.95 0.050 0.100
300 0.72 0.32 0.88 0.055 0.10%
400 0.46 0.13 0.81 0.060 0.110
500 0.22 0.07 0.54 0.065 0.11%
600 0.10 0.05 0.41 0.070 0.120
700 0.08 0.03 0.10 0.075 0.12%
800 0.05 0.02 0.07 0.080 0.130
900 0.03 0.01 0.03 0.085 0.13%
1000 0.00 0.00 0.00 0.090 0.140
1100 0.00 0.00 0.00 0.095 0.145
1200 0.00 0.00 0.00 0.100 0.150

Table B5. —Values for Ultimate Strength of Prestresing Steel at Elevated Temperatures
(PCI, 2004)

Temperature°C) | Strength Loss
20 1.00
93 1.00
149 0.98

238 0.90
260 0.86
304 0.78
371 0.64
460 0.42
582 0.20
627 0.14
716 0.06
749 0.04
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Table B.6 — Constitutive Relationships for High Terperature Properties of Reinforcing
Steel

Eurocode 2 (2004)

c
‘T
& | eep = —2.416x107% + 1.2x107°T + 0.4x10 7872 for 20°C < T < 750°C
T | egp = 11x1073 for 750°C < T < 860°C
T | ep = —62x1073 + 2x107°T for 860°C < T < 1200°C
|_
Stress
os =¢&sEgp fores < egp g
2 2 0.5
gs = fspg—c+ (b/a) [a — (&5y,9 — &) ] forespg <ées <eégyg
Og = fsy,@ for €s5y,0 < & S Est0
Os = fsy,@[l - (SS - Est,Q)/(Esu,Q - Sst,Q)] for Est,0 < & = &gy 9
os = 0.0 foreg = Esu,0
Parameters

Esp,0 = fSp,H/ES,G Esy,0 = 0.02 Est,9 = 0.15 Esu,0 = 0.20

Functions

Cc

2 _
a- = (Ssy,e - Esp,H) €sy,0 ~Esp,o T Eqg

Stress-strain relationshipgMPa)

b2 =¢ (Esy,e - Ssp,B) Egp+ c?
2
(fsy,@ - fsp,H)
(gsy,H - gsp,e) Egp—2 (fsy,e - fsp,e)

Cc =

(Values forfsy g, fspg @andEg g can be found from Table B.7)
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Table B.6 (cont'd) — Constitutive Relationships forHigh Temperature Properties of
Reinforcing Steel

ASCE Manual (1992)

Stress-strain relationshipgviPa)

[
I
T"; grp, = [0.004(T? — 400) + 12(T — 20)x10~° for T < 1000°C
£ | & =[16(T —20)]x107 for T =1000°C
2
=
Stress
£(T,0.001)
S=Wsp fOT'SSSEp

£(T,0.001)

fs =—————¢ep + f[T,(es —&p + 0.001)] — f(T,0.001)  fores=¢gp

S 0.001

Functions
£(T,0.001) = (50 — 0.04T)x {1 — exp [( 30 + 0.03T)w/(0.001)]}x6.9
Ep = 4x10_6fy0

fIT, (s — &p +0.001)] = (50 — 0.04T)x

{1 — exp [(—30 + 0.03T)\/(ss — &+ 0.001)]}x6.9
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Table B.7 —Values for Main Parameters of Stress-stin Relationships of Reinforcing Steel
at Elevated Temperatures (Eurocode 2, 2004)

. fsy,B fsp,@ Esp
Temperature®C) fyk Tk E,

20 1.00 1.00 1.00
100 1.00 1.00 1.00
200 1.00 0.81 0.90
300 1.00 0.61 0.80
400 1.00 0.42 0.70
500 0.78 0.36 0.60
600 0.47 0.18 0.31
700 0.23 0.05 0.13
800 0.11 0.04 0.09
900 0.06 0.02 0.07
1000 0.04 0.01 0.04
1100 0.02 0.00 0.02
1200 0.00 0.00 0.00
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Appendix C

C.1 Eurocode High Temperature Material Properties

Figure C.1 — Variation of Specific Heat of Concreteas a Function of Temperature for
Different Moisture Contents by Weight
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Figure C.2 — Variation of Volumetric Specific Heatof Concrete as a Function of
Temperature for Different Moisture Contents by Weight
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Figure C.3 — Variation of Thermal Conductivity of Concrete as a Function of Temperature
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Figure C.4 — Variation of Concrete Density as a Furtion of Temperature
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Figure C.5 — Variation of Concrete Thermal Elongaton as a Function of Temperature for
Siliceous and Carbonate Aggregates
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Figure C.6 — Variation of Concrete Tensile Strengtlas a Function of Temperature
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Figure C.7 — Variation of Stress-strain Curve of Cacrete as a Function of Temperature
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Figure C.8 — Variation of Prestressing Steel ThermaElongation as a Function of
Temperature
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Figure C.9 — Variation of Stress-strain Curve of Pestressing Steel as a Function of

Temperature
290 20 °C (68 °F) 2000
100 °C (212 °F)
2324 ) =TT TS o oS SSs== - 1600
200 °C (392 °F)
~ | ¥ === = — e = g =
D 174 300°C(572°F) | 1200 O
Py =3
d  _ _ _Moc@mh |3
‘A 116 - 800 =S
@ N
500 °C (932 °F)
58 e eommm e e emmmm— e o emmm— ¢ e o e 400
. 600 °C (1112 °F)
O T T T T T O
0 0.01 0.02 0.03 0.04 0.05

Strain

162



Appendix D

D.1 Moment Capacity and Load Ratio Calculations

The following calculations are provided to illusgdow the ambient moment capacity and load
ratio were determined for the 10DT24+2 and 12DT3PPL beams. Note, moment capacity
calculations are based on the provisions specifiecBCI Design Handbook (2004). Refer to
Figures 4.1 and 4.2 for cross-sectional dimensamtsdetails of 10DT24+2 and 12DT32+2 PPC

beams, respectively. Refer to Table 4.1 for maktamd section properties for each PPC beam.

Moment Capacity:
10DT24+2

Concrete compressive strength
f'c=40MPe

Ultimate tensile stress of prestressing steel
fpu =186(MPa

Area of prestressing steel

Aps = 1013mm?

Span length
| =12.19Z2m

Effective stress in prestressing steel after logssEsume
fse: 117MPa

Coefficient based on concrete compressive straskigere 4.12.3
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c=113-— 37106 0 aMPa-40MPa) = 112

41.AMPa-34.5MPa

Beam width

b =3,04Emn

Distance from extreme compression fiber to centodistressed reinforcement

d p= 533nm

Mild reinforcement (positive and negative) ratio

a=a'=0

Relationship used to determine the stress in @estd reinforcement at nominal strength of

member

Apsfpu LI 112 *1013nnf *1860MPa _ 0032

Capy =C

Stress in prestressing steel at nominal strengtfrigere 4.12.3

f pS = 1848\/' Pa
Depth of equivalent rectangular compression stoessk

_ Apsfps _ 1013mnf *1848VPa —18mm
085f'cbh 085*40MPa *3048mm

Compressive stress block factor per section 4.2.1.1

[ = 076

18mm
= = 004
/a/ﬁld 0.76*533mm

Strength reduction factor per Figure 4.2.1.3
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6= 065+227055 .14, 069
0.6-037E

~

Nominal moment capacity
a 18m
M = s ps(dp =) = 069*1,013mn? *1848MPa* (533nm—7"5 = 67%KNm

Selfweight of PPC Beam

D = 3.45kPe * 3.04€m = 10.5kN / m

Live load for a parking garage/building per ASCB%{2005) design loads for a parking
garage/building

L = 2.3GkPe * 3.04Em = 7.3kKN / m

Load combination

w=12D+1.6L =1.2*1C.5kN/m+1.6*7.3KN / m =24.3kN / m

Factored moment demands

~wl? _ 243KN/m* (12 192m)?
8 8

M = 452kNm

Check nominal moment capacity against factored desia

M, >M OOK

12DT32+2

Concrete compressive strength
f'c=40MPe
Ultimate tensile stress of prestressing steel

fpu =1860MPa
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Area of prestressing steel
Aps = 1523mnf

Span length
| =15.24m

Effective stress in prestressing steel after logssesume
fse:].l?M Pz

Coefficient based on concrete compressive straskigere 4.12.3

c=113-— 37106 0 ampa-a0MPa) = 112

41.AMPa - 34.5MPa

Beam width
b = 3,65Emmr
Distance from extreme compression fiber to centodistressed reinforcement

dp =686mm

Mild reinforcement (positive and negative) ratio

a=a'=0
Relationship used to determine the stress in mestd reinforcement at nominal strength of

member

Apsf . .
psfpu , d (112 1523nnf *1860MPa

— = = 0032
bdpf'c dp 3658nm* 68Gnm* 40MPa

Stress in prestressing steel at nominal strengtfrigere 4.12.3

f ps = 1848\/|Pa
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Depth of equivalent rectangular compression stoéssk

_ Apsfps _ 152ann? *1848MPa
085f'cbh 085*40MPa *3658mm

Compressive stress block factor per section 4.2.1.1

By = 076

23mm
o/ = =— =2 =004
/ﬂt /a/ﬁ’ld p 076*686mm

Strength reduction factor per Figure 4.2.1.3

6= 065+227965 . h04= 069
0.6-0.37F

Nominal moment capacity

MM, = BApsT ps(dp —g) = 069 *1523ann? *1848MPa * (686mm—ﬁ2"5 = 131CkNm

Selfweight of PPC Beam

D = 4.08kPe * 3.657¢ m =14.9kN / m

Live load for a parking garage/building per ASCBY{2005) design loads for a parking

garage/building
L = 2.39kPe * 3.657¢ m = 8.7kN / m

Load combination

w=12D+1.6L =1.2*14.9kN /m+1.6*8.7kN / m = 31.8kN / m

Factored moment demands

w2 318kN/m * 1524m)2
8 8

M =923kNm
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Check nominal moment capacity against factored deisa

M >MOOK

Load Ratio:

Calculations for a load ratio of 30, 50, and 70% provided below for both PPC double T-
beams. In addition, each section starts with d tatio calculation for the standard loading used
in the parametric study. Note, results from thebi@m moment calculations from above are
utilized below.

10DT24+2

Strength reduction factor under ambient conditions
G = 069

Strength reduction factor under ambient conditions
65 =10

Moment capacity under ambient conditions

Re =984Nm

Service Conditions:

Selfweight of PPC Beam

D =3.45kPe * 3.04Em =1C.5kN / m

Live load for a parking garage/building per ASCBY{2005) design loads for a parking
garage/building

L =2.39kPs *3.04¢m = 7.3kN / m
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Load combination for fire conditions

w¢ =12D+05L =12 *105kN/m+ 05*7.3kN/m=16.3kN/m
Factored moment demands

2 . 2
Rire = wi® _ 163KN/m * 02192m)° _ oo

8 8

Load ratio under service conditions

_(®fRfire ) 10*30&Nm
069* 984NmM

= . []045= 6%
®cReold

30% Load Ratio:

Load ratio
b ¢ R

= (ﬂJ =306 = 030
®cReold

Moment demands based on a load ratio of 30%

Re = PcReold* L _ 069* 984Nm*03
f OF; 10

=2037kNm

Distributed load based on a 30% load ratio fonapéy supported beam

8*R *
wf = f_8 2037kNm: 1006/m

12 @29am)?

50% Load Ratio:

Load ratio

_ [be Rfire
®cReold

Moment demands based on a load ratio of 50%

J =500 = 050
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_ ®cReold” 1L _ 069* 984Nm* 05

Rt py
f 10

=3395kNm

Distributed load based on a 50% load ratio fomapéy supported beam

8*R *
wf = f_8 3395kNm: 187N/m

12 @2192m)?

70% Load Ratio:
Load ratio

_ [be Rfire
®cReold

Moment demands based on a load ratio of 70%

_ ®cReold* r _ 069* 98&KNmM* 0.7
OF; 10

J =706= 070

R = 4753kNm

Distributed load based on a 70% load ratio fonapéy supported beam

8*Rf gx
wp O RE_8ATSINM o

12 @2192m)2

12DT32+2

Strength reduction factor under ambient conditions
6 = 069

Strength reduction factor under ambient conditions
65 =10

Moment capacity under ambient conditions

Re = 189%Nn

Service Conditions:
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Selfweight of PPC Beam

D = 4.08kPe * 3.657¢ m =14.9kN / m

Live load for a parking garage/building per ASCBY{2005) design loads for a parking
garage/building

L = 2.3GkPe * 3.657€¢ m = 8.7kN / m

Load combination for fire conditions

w¢ =12D+05L =12 *149kKN/m+ 05*8.7kN/m = 222kN/m
Factored moment demands

2 * 2
Rire = Wil3 _ 22.2kN/m8 @5.24m) — 645KNM

Load ratio under service conditions

J049=4%%0

- ® f Rfire _ 10*645%Nm
L7 ®eReolg ) 069 *189KNm

30% Load Ratio:
Load ratio

:[be Rfire
®cReold

Moment demands based on a load ratio of 30%

_ ®cReold* 1L _ 069 *189KNmM* 0.3
o 10

j =30%0= 030

Ry =3931kNm

Distributed load based on a 30% load ratio fomap$y supported beam
_8*Rf 8*3931kNm

Wf =——5—= > =1PH4NN/m
I (1524m)
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50% Load Ratio:

Load ratio

_ [be Rfire
®cReold

J =500 = 050

Moment demands based on a load ratio of 50%

_ DcReold* 1. _ 069 *189KNm* 05
OF; 10

R = 6552kNm

Distributed load based on a 50% load ratio fomap$y supported beam

8*R *
wf = f _8 6552kNm: 22568 /m

12 (L524m)2

70% Load Ratio:

Load ratio
D R
L= (ﬂJ =70 = 070
®cReold

Moment demands based on a load ratio of 70%
R = ®cReold * rL _ 069* 189KNm* 0.7
D 10

=9172kNm

Distributed load based on a 70% load ratio fomap$y supported beam

8*R *
wf = f_8 917.2kNm: 3B9N/m

12 (L524m)2
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Appendix E

E.1 SAFIR Input Files

E.1.1 Thermal Input

Sample thermal input file for SAFIR
ASTME119 12DT24+2

Thermal input file for SAFIR2004
PCIl 12DT32+2

2 in. normal weight topping
ASTME119 (3 sided exposure)

NPTTOT 1
NNODE 1209
NDIM 2
NDIMMATER 1
NDDLMAX 1
EVERY_NODE 1
END_NDDL
TEMPERAT

TETA 0.9
TINITIAL 20.0
MAKE.TEM

LARGEUR11 43145
LARGEUR12 1
NORENUM

ASTM.tem

NMAT 3
ELEMENTS

SOLID 1078
NG 2
NVOID 0
END_ELEM

NODES

NODE 1 0.0000 0.0000
NODE 2 0.0000 0.0056
NODE 3 0.0000 0.0184
NODE 4 0.0000 0.0311
NODE 5 0.0000 0.0438
NODE 6 0.0000 0.0565
NODE 7 0.0000 0.0603
NODE 8 0.0113 0.0000
NODE 9 0.0113 0.0056
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NODE 10 0.0000 0.0184

2 172000000 O.

NODE 1199 0.8636 0.7657

NODE 1200 0.8636 0.7806

NODE 1201 0.8636 0.7954

NODE 1202 0.8636 0.8103

NODE 1203 0.8636 0.8252

NODE 1204 0.8636 0.8400

NODE 1205 0.8636 0.8549

NODE 1206 0.8636 0.8698

NODE 1207 0.8636 0.8847

NODE 1208 0.8636 0.8995

NODE 1209 0.8636 0.9144

NODELINE  0.6480 O.

YC_ZC 0.6480 0.

FIXATIONS

END_FIX

NODOFSOLID

ELEM 1 1 2 9 8 10
GELEM 6 6 7 14 13 10,
ELEM 7 7 5 14 0 10
ELEM 8 8 9 17 16 10.
GELEM 14 14 15 23 22 10,
REPEAT 7 8 2

ELEM 29 32 33 41 40
ELEM 30 33 34 42 41 10
GELEM 35 38 38 47 46 10
ELEM 36 40 41 49 48 10
GELEM 42 46 47 55 54 10,
REPEAT 7 8

ELEM 558 615 631 630 0  10.
ELEM 559 616 617 683 682 1.
GELEM 623 680 681 747 746 1
REPEAT 65 66

ELEM 819 880 881 947 946 3
GELEM 883 944 945 1011 1010 3
REPEAT 65 66

FRONTIER

F 1 ASTME119 NO NO NO
GF 7 ASTME119 NO NO NO
F 14 NO ASTME119 NO NO
GF 119 NO ASTME119 NO NO
F 127 ASTME119 NO NO NO
F 529 ASTME119 NO NO NO

174

1

1

1

w -

3



F 543 ASTME119
F 558 ASTME119
F 574 ASTME119
GF 623 ASTME119
END_FRONT
SYMMETRY
REALSYM 1 1144
END_SYM
PRECISION  1.E-3
MATERIALS
CALCONCEC2

46. 25. 9. .56
PSTEELA16

25. 9. .50
CALCONCEC2

46. 25. 9. .56
TIME

60.  14400.
END_TIME
IMPRESSION
TIMEPRINT

60. 14400.
END_TIMEPR

NO
NO
NO
NO

NO NO
NO NO
NO NO
NO NO
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E.1.2 Structural Input

Sample structural input file for SAFIR
Structural input file for SAFIR2004
PCI 12DT32+2

2 in. normal weight topping

ASTM E-119 Temperature Exposure
Simply supported

Uniformly Distributed Load

NPTTOT
NNODE
NDIM

NDIMMATER

NDDLMAX

EVERY_NODE

END_NDDL

STATIC PURE_NR

NLOAD
OBLIQUE
COMEBACK
LARGEUR11
LARGEUR12
NORENUM
NMAT
ELEMENTS
BEAM

NG

NFIBER
END_ELEM
NODES

86240
41
2

1
3

3

oupPk,OoORF

3

20 1
2
2156

NODE 1
GNODE 41
FIXATIONS
BLOCK 1
BLOCK 41
END_FIX
NODOFBEAM
ASTM_55.TEM
TRANSLATE 1 1
TRANSLATE 2 2
TRANSLATE 3 3
END_TRANS
ELEM 1
ELEM 2
ELEM 3

0.0000  0.0000
15.2400 0.0000

FO FO NO
NO FO NO

1 2 3 1
3 4 5 1
5 6 7 1

176



ELEM 4 7 8 9 1
ELEM 5 9 10 11 1
ELEM 6 11 12 13 1
ELEM 7 13 14 15 1
ELEM 8 15 16 17 1
ELEM 9 17 18 19 1
ELEM 10 19 20 21 1
ELEM 11 21 22 23 1
ELEM 12 23 24 25 1
ELEM 13 25 26 27 1
ELEM 14 27 28 29 1
ELEM 15 29 30 31 1
ELEM 16 31 32 33 1
ELEM 17 33 34 35 1
ELEM 18 35 36 37 1
ELEM 19 37 38 39 1
ELEM 20 39 40 41 1
PRECISION 1.E-4
LOADS
FUNCTION FLOAD
DISTRBEAM 1 0 -11120
DISTRBEAM 2 0 -11120
DISTRBEAM 3 0 -11120
DISTRBEAM 4 0 -11120
DISTRBEAM 5 0 -11120
DISTRBEAM 6 0 -11120
DISTRBEAM 7 0 -11120
DISTRBEAM 8 0 -11120
DISTRBEAM 9 0 -11120
DISTRBEAM 10 0 -11120
DISTRBEAM 11 0 -11120
DISTRBEAM 12 0 -11120
DISTRBEAM 13 0 -11120
DISTRBEAM 14 0 -11120
DISTRBEAM 15 0 -11120
DISTRBEAM 16 0 -11120
DISTRBEAM 17 0 -11120
DISTRBEAM 18 0 -11120
DISTRBEAM 19 0 -11120
DISTRBEAM 20 0 -11120
END_LOAD
MATERIALS
CALCONCEC2

0.25 55E6 46E5 O
PSTEELA16

1.9995E11 0.3 1.772E9

cNoloNololoNoloNoNoleoleleaolalo oo i)
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CALCONCEC2

0.25 55E6  46E5
TIME

60. 14400.
END_TIME
LARGEDISPL
EPSTH
IMPRESSION
TIMEPRINT

60. 14400.
END_TIMEPR
PRINTMN
PRINTREACT
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